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ABSTRACT 
An experimental study of the effect of the injection of nitrogen 
and helium coolant gases at the stagnation point of a blunt body was 
carried out in the GALCIT Hypersonic Wind Tunnel at a Mach number 
of 5. 8. The gases were injected straight out of the stagnation point 
and also tangential to the body surface. The model was also fitted 
with flow separation spikes. 
The injection of the coolant gas resulted in a marked reduction 
in the model equilibrium temperature, and this cooling effect persisted 
over the entire length of the model. For the same mass flow, helium 
was a better coolant than nitrogen. 
The average heat transfer near the nose of the body was reduced 
almost to zero by injecting a mass flow of helium as small as ~per cent 
of the mass flow of free- stream air contained in the "capture" area 
1rR2 of the spherical nose. 
Separation near the spike tip was observed up to a ratio of spike 
length to spherical nose diameter of 1. 78 and a free-stream Reynolds 
number based on nose diameter of 2. 84 x 105 , resulting in a value of 
the foredrag coefficient which was one-third the value with no spike 
attached. The average heat transfer near the nose of the body was 
reduced almost to zero by attaching a spike having a ratio of spike 
length to hemispherical nose diameter of 1. 07. 
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I. INTRODUCTION 
The problem of aerodynamic heating for aircraft and internal 
propulsion systems has become increasingly important in recent years. 
Considerable thought has been given to the problem of an optimum body 
shape to minimize the severe heating effects on a body entering the 
Earth's atmosphere 1, and also to the problem of cooling the vehicle2 • * 
A method of cooling utilizing the injection of a coolant gas directly 
into the boundary layer has shown promise, and much theoretical work 
and experimental work at subsonic speeds has been carried out3 - 7• 
Some experimental results on transpiration cooling of flat plates and 
cones
8
• 
9 in supersonic flow are also available. 
Most of the investigations to date have been concerned with 
injection of the coolant gas over some porous surface area on a model 
such as a flat plate (see Appendix C) or a cone, where the situation is 
comparatively easy to treat theoretically. The experiment reported 
here was concerned with the effects caused by introduction of nitrogen 
and helium coolant gas through an orifice at the stagnation point of a 
blunt body when the body is immersed in a hypersonic flow. The 
purpose of the experiment was to search for new or unusual effects, 
both as regards the magnitude of these effects and their relative 
importance, so that the work would serve as a guide to theoretical 
analyses of the problem, and as a guide to more detailed experimental 
investigations. Measurements of pressure, temperature and heat 
* Superscript numbers refer to the references {page 59). 
2 
transfer rate were carried out on a basic model shape with no injection. 
Then the same measurements were made with injection straight out of 
an orifice at the stagnation point, and also with the coolant stream 
directed tangential to the surface of the model by means of a deflector 
cap at the nose. Lastly, flow- separation spikes were mounted on the 
model to see whether the equilibrium temperatures or heat transfer 
rates were strongly affected in the separation region. This problem 
was considered to be of interest because a previous experiment10 had 
shown an increased heat transfer rate in such a separated region. 
The data obtained without injection are compared with theory 
and with previous experiments in order to establish a confidence level 
in the experimental methods; the results with injection are then 
expressed as comparative measurements of the quantities. No attempt 
is made to reduce the heat transfer rate data to the somewhat artificial 
form of an equivalent flat plate value for uniform wall temperature. 
The experimental determination of heat transfer is not an easy 
problem. In many cases, a local measure of the heat transfer rate 
is required as well as an average over some portion of the model surface. 
To make a local measurement in the steady- state case requires the 
construction of an internally cooled model so that there is a heat 
"sink". The local value of q is determined either by measuring the 
temperature gradient through the model shell or by a direct measurement 
utilizing thermopile elements called heat meters11 • Recently, the 
use of heat meters has shown great promise when the meters are 
"miniaturized", so that corrections for conduction caused by axial 
temperature gradients in the model are avoide d 12• 13• However, 
3 
the accuracy possible with these meters is obtained only after a difficult 
and time-consuming calibration. 
A high degree of accuracy is not of paramount importance 
when one is looking for large effects or carrying out a preliminary 
survey, and the transient method offers certain advantages in such 
cases. The model is relatively easy to build and the only calibrations 
necessary are the straightforward calibrations of thermocouples and 
instrumentation. This simplicity is offset by the fact that the results 
are not known with exactness, because the conduction corrections may 
be appreciable and, by the nature of the method, cannot be determined 
accurately. It was decided to utilize the transient method for obtaining 
the comparative heat transfer measurements desired for this exploratory 
work. 
An optimum utilization of the two techniques in wind tunnel 
research would seem to consist of using the transient method for 
exploratory work covering a wide range of conditions or model shapes. 
The most interesting cases could then be more critically examined by 
using a heat meter model, with the transient data acting as a guide 
to the best choice of meter sensitivity and location. 
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II. MODEL CONSTRUCTION 
A spherically blunted cone with a 10 degree cone half-angle 
constituted the basic model shape for this experiment. Combinations 
of three different injection-deflector caps and four different drag 
reduction devices (spikes) were added to this basic shape. 
A. Pressure Distribution Model 
A model previously used by Machell and O'Bryant14 (Model No. 6) 
was utilized for the pressure distribution studies. In order to minimize 
the effect of heat conduction along the surface (see Appendix A), a 
model with the largest possible nose radius was desired, and their 
work had shown that this model was the largest spherically blunted 
cone for which super sonic flow could be established in the wind tunnel. 
The pressure distribution model was made of brass, and fitted 
with sixteen. 01611 diameter pressure orifices on the spherical and 
conical surfaces (see Figure 1). The pressure tap at the stagnation 
point was enlarged to . 0625 11 diameter to a depth of approximately • 040 11 , 
where it joined a larger passage 0, 083 11 in diameter drilled through the 
model from the rear. This hole was used as an injection orifice. 
B. Heat Transfer Model 
1. General Considerations 
As shown in Appendix A, the criteria for the design of a transient 
heat transfer model a r e that the hemisphere radius should be as large 
as possible, that the model should have a thin skin of uniform thickness 
5 
with an air space behind it, and that the skin material should have a 
low thermal conductivity in order to make the ratio of the "heat storage" 
term to the conduction term as large as possible. However, there is 
the additional problem of the effect of the thermocouple wire on the 
measurements. An estimate of the conduction leakage loss along the 
thermocouple wire given in Appendix B shows that if the wire diameter 
is one-half the skin thickness, the error in the transient skin tern-
perature measurement is less than 1 per cent at the end of five seconds 
if the skin is a good thermal conductor (e. g., metal), while it is about 
20 per cent if the skin has a low thermal conductivity (e. g., glass). 
Now the heat conduction correction in the heat balance equation 
can be determined from the measured data, while the thermocouple 
conduction correction can only be estimated. Therefore, it was 
decided to base the model construction on the requirement of a minimwn 
thermocouple error and to use a plating process to form a thin- skin 
metal model. 
2. Electroplating of Model and Installation of Thermocouples 
A wall thickness of. 020 11 was chosen, using Reference 15 as 
a guide for anticipated conduction corrections and time constants 
(see Appendix A), and a thermocouple wir e diameter of. 010" was 
selected.* According to Reference 16, page 104, example 43. 1, the 
* In order to test one of the conclusions from the calculations in 
Appendix B, three constantan wires having different diameters (. 010", 
. 021 11 , • 032 11 ) were installed at Q = 35° and their readings compared 
during the no-injection tests. A 7 per cent scatter in the temperature-
time slopes was noted, which showed no trend with wire size. Hence 
the theoretical prediction that there would be a small error introduced 
even for wires of diameter comparable to the skin thickness would 
seem to be justified. 
6 
temperature gradient through such a thin metal shell is negligible, 
so that the location of the thermocouple in the normal direction is 
not critical. Attachment of the thermocouples to the inside of the 
skin (for example by soldering) could increase the local mass of the 
thin skin by a considerable amount. Thus, the local mass undergoing 
the temperature rise would not be known. A 11zero mass" method of 
attachment was achieved by first making a core to the exact model 
dimensions, less . 020 11 to allow for the skin which would be plated on 
later. Iron was chosen as the plating material. This choice simplified 
the model construction by allowing the use of one . 010 11 diameter con-
stantan wire at each station instead of a thermocouple pair. A common 
iron wire was attached at the rear of the model, and the iron shell 
provided the rest of the thermocouple circuit.* 
The inside of the core was drilled out, and small holes about 
• 008 11 diameter were drilled through the core wall at the designated 
thermocouple measuring stations. (The location of these holes is shown 
in Figure 2. ) The ends of the . 010 11 constantan wires were dipped in 
dilute nitric acid and withdrawn slowly so as to taper them. The wires 
were threaded through the large passages drilled in the core, forced 
up through the small holes to the surface, and pulled tight. Then they 
were cut off to a height of about • 010 11 above the surface. When the 
* Since the end of the common iron wire and the actual thermo-
couple junctions might be at different temperatures during the transient 
measurements, this simplification was possible only if the common wire 
and the shell were made of the same material. Otherwise a spurious 
thermocouple effect would be introduced. The correction introduced 
by the fact that the shell material and the common wire were perhaps 
not made from iron of identical purity was investigated and found to be 
negligible. 
• 
7 
iron was plated over the core, these thermocouples became fused into 
the skin. The shell was plated to a depth of about • 040 11 and then 
machined to the correct thickness and shape. The dimensions of the 
core and of the finished shell were both checked against a template 
using an optical comparator. 
The fact that the core had to be removed while leaving the 
wires intact meant that it either had to be melted out or dissolved out. 
The plating solution had to be hot (about 200°F) since iron-plating in a 
room temperature solution sets up high internal stresses in the deposited 
iron and the shell tends to crack. This requirement precluded the use 
of wax or plastic as a core material. The core was made from aluminum 
and was removed by eating it away with a solution of sodium hydroxide. 
This etching had no effect on the shell or the wires. 
This method of attaching the wires worked satisfactorily except 
for the wires near the stagnation point. Here the plating was most 
difficult because of the model shape, and when the core was removed 
the first five wires broke off. When these wires were replaced another 
method of attachment was tried which seemed to be equally satisfactory 
and was much simpler. Holes about • 008 11 in diameter were drilled 
through the iron shell at the designated stations. The wire then was 
threaded through the holes from the inside and pulled very tight, forming 
a good force fit, after which the ends were cut off and stoned flush with 
the surface. No difference in behavior was noted between the wires 
attached by this method and by the first method described above. 
The wires were led through a hole in the plastic base, then 
through a hollow bakelite sting attached to the base and through a 
8 
length of Saran tubing which came out through the tunnel wall. The model 
was checked for leaks by pressurizing it and immersing it in water. 
Thus the whole system was made leak-tight, so that the inside of the 
model was filled with still air at atmospheric pressure during the course 
of the tests and there were no heat transfer effects introduced by air 
flowing over the wires or over the inside of the shel11 7 • A • 083 11 diameter 
tube (. 0625 11 I. D.) was fitted for injection at the stagnation point. A 
plastic plenum chamber inside the model provided space in which to 
measure the coolant gas temperature and pressure just prior to injection. 
The wall thickness of the injection tube between the end of the plenum 
chamber and the stagnation point was held to . 005'' in order to minimize 
heat flow along it from the skin. The heat transfer model is shown in 
Figures 3 and 4. 
3. Spikes and Caps 
In order to investigate the effect of injection tangential to the 
model surface three different deflector caps were used, as shown in 
Figures 5 and 6. They were made of brass, and were just large enough 
to contain the three mounting screws, which were placed in line with 
the legs to minimize their effects on the injection flow. The support 
legs for cap A were made of such a length that the circumferential out-
let area for the injected gas was one-half the cross- sectional area of 
the injection tube. For cap B the ratio was 5:1; for cap C, 10:1. 
Flow separation (drag reduction) devices in the form of three 
spikes of different lengths and one 20° half-angle cone were tested. 
These were made of brass and were fitted on the caps as shown in 
Figures 5 and 6. 
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III. INSTRUMENTATION AND TEST PROCEDURE 
A. Hyper sonic Wind Tunnel 
The experiments were conducted in the GALCIT 5 x 5 inch 
Hyper sonic Wind Tunnel (Leg 1). which is of the closed return, con-
tinuously operating type. A description of the wind tunnel and com-
pressor plant is found in References 18 and 19, and a schematic drawing 
is shown in Figure 7. 
Because of a large pressure drop caused by oil and scale-
removal devices which had been installed after the fifth stage compressors, 
the stagnation pressure upper limit was 61 psig at the time the tests 
were run. One run was made at 82 psig by removing these devices 
from the system. The minimum reservoir pressure for starting the 
flow was about 25 psig. with the model installed, and the maximum 
stagnation temperature attainable was 300°F. The quantities p and T 
0 0 
were maintained within-:!:. 04 psi and! 2°F, respectively, during the 
pressure distribution and equilibrium temperature runs. The stagnation 
pressure was controlled manually while in by-pass prior to the 
transient runs, and was held to about! i psi. 
The tunnel piping upstream of the throat had to be modified in 
order that a step function in the stagnation temperature could be pro-
vided for the transient heat transfer tests. Originally, the hot air 
flowing through the by-pass line was directed into a settling chamber 
(not shown) of about four cubic feet volume, and then through the throat. 
However, this arrangement gave a very poor approximation to the 
desired temperature step function in the test section because much of 
10 
the heat was lost to the walls of the settling chamber during the first 
few seconds. In order to sharpen the leading edge of the temperature 
step, piping was installed inside the settling chamber so that the air 
was led directly to the throat through an L- shaped pipe and a transition 
section. The transition section carried the air from the circular pipe 
to the rectangular nozzle contraction; it ended two inches upstream of 
the throat and was sealed in position. The temperature step now was 
sharper, but the amplitude of the temperature rise was small because 
of heat loss to the pipe walls. In order to minimize this heat loss the 
piping between the by-pass valve and the throat was pre-heated 
electrically by wrapping it with Nichrome wire and covering the wire 
with layers of glass cloth. The resulting temperature history is shown 
in Figure 8. This trace was measured with a thermocouple probe 
mounted one inch upstream of the throat. This throat probe was 
patterned after probe No. 3 of Reference 20 so that it had a fast time 
response. 
A trace of the temperature history in the test section correspond-
ing to the throat probe trace of Figure 8 is shown in Figure 9. This 
·temperature was measured with a bare-wire thermocouple probe 
mounted in the center of the test section. The probe was U-shaped 
and was made of plastic. The thermocouple was made from . 010" 
diameter wire and had a one-inch unsupported length across the open 
end of the "U" with a bead spot-welded in the center of this length. A 
recovery factor for this test section probe was calculated from the 
temperature read by the two probes at 115 seconds after flow was 
established. This factor had the value r = 0. 946, and when it was 
11 
applied at 2, 5, and 10 seconds the computed temperatures as indicated 
on Figure 9 agreed with the throat probe temperatures within 3°F. 
Hence the T readings for the transient runs were measured with the 
0 
throat probe. Since the magnitude of T depended partly upon the tem-
o 
perature of the pre-heated pipe, which could not be controlled accurately, 
T was monitored for each run by recording the throat thermocouple 
0 
output on an Offner pen-type oscillograph. 
Four fine-mesh screens were mounted inside the new piping 
and transition section in order to smooth out the flow. The stagnation 
temperature variation across the width of the tunnel was"±" 1 °F measured 
one inch upstream of the throat. The steady- state temperature distri-
bution along a vertical centerline in the test section where the model 
was installed varied about! Z°F. 
B. Measurements of Injection Mass Flow 
The nitrogen and helium gases which were used for the injection 
tests were taken from commercial bottles, passed through a pressure 
regulator, then through a gas flowmeter, and then into the model. A 
calibrated pressure gage just upstream of the flowmeter indicated the 
metering pressure. A small needle valve was located just downstream 
of the flowmeter. This valve location permitted the mass flow to be 
varied without changing the metering pressure, and hence kept the 
number of flowmeter calibrations to a minimum. 
The gas flow was measured with Fisher and Porter variable-
area flowmeters. The smaller mass flows were metered with a tube 
and ball-float meter which was calibrated for the two gases by running 
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it in series with a wet-test gas meter. The larger mass flows were 
measured with a flowmeter having a 11 tri-flat11 tube for which calibration 
curves could be predicted for various gases and metering pressures. 
The metering pressures were 20 and 30 psig. It is estimated 
that the mass flows were measured with~ 3 per cent error for the three 
lowest flow rates of each gas as measured with the small flowmeter, 
+ and - 6 per cent error for the largest flow rate of each gas as measured 
with the large flowmeter. 
C. Transie:t;1t Temperature Instrumentation 
The measurement of heat transfer by the transient method 
requires multi- channel recording equipment to record the output of the 
model thermocouples as a function of time. This equipment has to 
have a fast response and a relatively high sensitivity (in the microvolt 
range for some applications). The sensitivity has to be variable to take 
care of widely different heat rates at different points on the model; 
for example, for a blunt body the thermocouple outputs at the stagnation 
point and on the afterbody may differ by a factor of ten. The sensitivity 
also has to be variable in order to accommodate different heat rates 
at a given measuring station which may be brought about by changing 
the test conditions (e. g., p ) or by injecting mass into the boundary 
0 
layer. 
The instrumentation de scribed here was originally intended for 
use with a flat plate model (see Appendix C) where thermocouple 
outputs on the order of 100 microvolts at the end of ten seconds were 
expected. Therefore, high sensitivity was required in the recording 
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instrument. Although sensitivity was not as important for measurements 
on a blunt body, where the heat rates were considerably higher, the high 
sensitivity was useful for some tests with injection, and the instrumen-
tation as developed had many advantages when compared with more 
conventional oscillograph equipment. 
The temperature-time data were taken by sampling the output of 
the various thermocouples with a stepping switch, amplifying the output, 
and displaying the information on an oscilloscope.* Figure 10 shows a 
wiring diagram of the system. Each component will be discus sed in 
detail. 
Eighteen constantan wires and one common iron wire were 
brought from the model to the measuring area through a conduit, and 
were connected to terminal strips. In order to avoid ground loops, 
which were found to have an effect on the measured voltages, the model 
and wires were "floating" electrically before being connected to the 
terminal strips. This also reduced the noise level, which was found 
to be inadmissable when the model was grounded to the wind tunnel.** 
The conduit was electrically insulated, and grounded at one end. Eight 
constantan wires and one common iron wire led from the terminal strips 
to the stepping switch. These could be connected to the wires from the 
model in such a way that any eight stations could be monitored during 
* This method was suggested by Mr. Paul Baloga of the wind 
tunnel staff, whose help with the development of the instrumentation is 
gratefully acknowledged. 
** Once when the model was inadvertently grounded to the wind 
tunnel, the pulsing of the synchrotron magnets in the next building was 
picked up on the oscilloscope~ 
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the cyclic measuring period or, if desired, fewer stations could be 
monitored with an increased frequency. All wiring up to levels 4 and 5 
on the stepping switch was iron and constantan. A common cold junction 
was used for all thermocouples. 
A 22 point, 5 level stepping switch was used, (see Figures 10 
and 11) four levels being employed for the thermocouple signals and one 
(No. 3) for the triggering circuit for the oscilloscope. The stepping 
switch came equipped with a solenoid and ratchet to move the wipers, 
but the pulsing of the solenoid disturbed the oscilloscope trace. The 
solenoid was replaced by a small synchronous motor and a chain drive 
attached to an eccentric which moved the ratchet. This modification 
had the added advantage of allowing the cyclic measuring period to be 
changed simply by changing the gear ratio of the drive. The switch 
was wired so that a given thermocouple was sampled by the wipers with 
all other thermocouples disconnected and then, at the next point, the 
same thermocouple was sampled but with reverse polarity. The 
rever sing was done by levels 4 and 5. This procedure kept the traces 
symmetrical about the horizontal centerline on the oscilloscope face. 
(See Figure 12(a).) It also decreased the reading error, since the total 
beam deflection represented twice the input, and eliminated any error 
caused by drift of the amplifier. 
The thermocouple signal was fed from the stepping switch to a 
"Tektronix" type 122 low-level A. C. preamplifier which had a gain 
of 1000 times. The frequency response was adjustable, the low frequency 
cutoff being set at 0. 2 cycles and the high frequency cutoff at 1 kilocycle. 
From the preamplifier the signal went through the D. C. internal 
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amplifier of a "Tektronix" type 512 oscilloscope and was then displayed 
on a flat-face cathode ray tube. The traces were recorded by taking 
a picture of the tube with a Polaroid camera on type 46 film. The 
recording equipment, with the exception of the oscilloscope, was 
enclosed in a copper screen shield. The preamplifier, stepping switch, 
etc. were all insulated from the shield. The oscilloscope case was 
grounded. 
A precision-resistance voltage divider was used to add to or 
subtract from the thermocouple output from the model just prior to 
making a run, so that the initial input to the oscilloscope was approxi-
mately zero. To provide for maximum utilization of the space available 
on the oscilloscope face, it was necessary to keep the initial deflection 
of the beam as small as possible. 
The maximum sensitivity of the system was approximately 5 
microvolts per centimeter of beam deflection on the oscilloscope face. 
The noise level of the measuring circuit with zero input was less than 
5 microvolts, as shown in Figure 12(c). The contact noise level when 
the stepping switch was run with the input "shorted" is shown in Figure 
12(d). Sensitivities of approximately 150 and 500 microvolts per centi-
meter were used when taking data, giving noise to signal ratios of less 
than 0. 03. 
By referring now to Figures 10 and 12(a), the sequence of 
events can be followed in detail: Just before the wipers reached the 
first point, the oscilloscope beam was waiting at the left-hand side of 
the trace. At point one the beam was triggered and began to move. 
Point two was a 11 short11 • At point three the first thermocouple was 
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sampled and the beam was deflected by an amount proportional to the 
thermocouple voltage. This D. C. voltage signal immediately began 
to decay because of the operating characteristics of the A. C. amplifier 
in the system. At point four the negative of the first thermocouple 
output was sampled. The beam returned by an amount equal to the 
original displaeement (not back to zero because of the small displace-
ment caused by the A. C. decay) and then kept going another equal amount 
in the same direction. The signal then again began to decay.* At 
point five the second thermocouple was sampled, and so on. Thus the 
total amount of the beam deflection corresponded to twice the input 
voltage. A 11 short" at point 11 provided easy identification of the 
traces, and three shorts at the end of the sequence allowed time for 
the beam to return to the left side, ready for the next trigger. Thus 
eight pieces of data were read in one second. Succeeding sweeps 
recorded the data for succeeding times, as shown in Figure 12(b). 
The time base was determined by timing several sweeps with a stop 
watch. The timing was estimated to be accurate to within 2 per cent. 
This recording system has the following advantages: high 
sensitivity, versatility, low cost (about $100, not counting the oscilloscope 
which was already available, as opposed to several thousand dollars 
for multi-channel recorders). and the fact that the traces can be 
observed through a viewing hood while the run is being made. Of 
* The preamplifier low frequency cutoff setting of 0. 2 cycles 
gave the slowest decay rate and hence the nearest approach to a square 
wave trace on the oscilloscope. The high frequency cutoff setting of 
1 kilocycle gave the sharpest wave peak for the sampling rate of 1 
second per sweep. 
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course, the system works only if all the temperatures are either 
constantly increasing or constantly decreasing; otherwise, identification 
is impossible. The major disadvantage is the time necessary to reduce 
the data. It took about 35 minutes to read one picture (eight stations ten 
sweeps), plot the temperature-time curves, and determine the slope. 
The total time required for the data reduction of the heat transfer 
tests in these experiments was thus about eighty hours. 
D. Test Conditions 
All tests were conducted at a nominal Mach number of 5. 8. 
The stagnation temperature was held constant at 250°F during the 
pressure distribution and equilibrium temperature measurements. 
For the transient heat transfer measurements the stagnation temperature 
ranged in value between 240-255°F. Once the temperature level was 
established it did not vary by more than 2 per cent during the interval 
2 - 10 seconds after flow was started. The stagnation pressure was 
varied between 22 psig and 82 psig, corresponding to a range of free 
stream Reynolds numbers per inch of 0. 79 - 2. 03 x 105• The models 
were sting-mounted with the nose 2211 from the throat and with the 
base about 3 11 ahead of the first strut support. 
Nitrogen and helium gas were used as coolants, The mass of 
gas injected is expressed as the ratio of the mass flux out of the in-
jection tube m. divided by the free stream mass flux through a "capture" 
1 
area equivalent to the cross- sectional area of the spherical model nose 
at g = 90°, i.e. I r = m./ p u 1T R 2• 
1 00 00 
18 
E. Pressure Distributions 
The model was adjusted to zero angle of attack with respect 
to the free stream by differentially moving the sting support rods until 
the pressures read by the two orifices located at the same value of S/R 
were the same. This procedure was followed for each nose configuration 
for the no-injection case. These adjustments in angle of attack amounted 
to less than a i 0 change from the initial horizontal alignm.ent of the 
model. Since numerous configurations and injection conditions 
had to be tried the model was not rotated about its axis to average out 
any cross-flow asymmetries. The pressures were read on vacuum-
referenced manometers using silicone oil (for pressures less than 
about 6. 5 em. Hg.) or mercury. The estimated reading error was 
"!: 0. 5 per cent. 
The stagnation pressure p was measured one inch upstream of 
0 
the tunnel throat, and the quantity p 1/p was determined from the 
0 0 
measured pressure at the stagnation point (no injection). This quantity 
gave a free stream Mach number from which the free stream static 
pres sure was computed. At the stagnation point, 
The pressure data is represented in the form C /C vs. S/R, with 
P Pmax 
the same value of C being used to nondimensionalize the pressure 
Pmax 
readings measured with injection and with the spikes and caps. 
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F. Equilibrium Temperatures 
The equilibrium temperatures for the various test configurations 
and conditions were read by measuring the output of the thermocouples 
in the heat transfer model while the tunnel was running in a steady-state 
condition. The temperatures were read on a Leeds and Northrup 
11Speed-O- Max" self-balancing potentiometer, and are estimated to be 
accurate within "t 1 °F. The stagnation temperature T was measured 
0 
by the thermocouple throat probe. 
For these tests, and for the heat transfer tests, the model was 
aligned horizontally and was not moved thereafter . 
The temperature of the coolant gas was measured in the plenum 
chamber i-" upstream of the injection orifice. It is conservatively 
estimated that the gas may have increased in temperature at most 5°F 
because of heat being transferred from the tube to the gas as it traversed 
this short distance to the orifice. 
G. Heat Transfer Test Procedure 
The plant was started with valve Q (see Figure 7) in the 11by-pass11 
position and valve B throttled, and the plant was allowed to reach some 
equilibrium temperature and pressure condition dependent upon the test 
section conditions desired. Before a test run the piping from valve Q 
to the throat was heated to approximately the stagnation temperature 
by varying the current to the nichrome heating wire with the aid of a 
"variac" voltage regulator, while the pipe temperature was monitored 
by means of several thermocouples soldered along its length. After 
about one hour of operation in by-pass, the test section was evacuated 
20 
by opening valve 3. When necessary, the coolant gas then was turned 
on. Next the voltage input to the oscilloscope was adjusted to approxi-
mately zero by using the precision voltage divider, and a picture of the 
"tare" sweep on the oscilloscope face was taken. Lastly, the recording 
oscillograph which monitored the stagnation temperature as measured 
by the throat probe was started. 
The command to change valve Q to the "run" position was given 
when the beam was in the middle of a sweep. This point constituted 
time zero. At the start of the next sweep, the camera shutter was opened 
and left open for the remainder of the measuring period. When the 
transient measurement was concluded, normally in about 15 seconds, 
the air was directed back through the by-pass line. The model was 
allowed to cool down to some isothermal surface temperature condition 
(typically near room temperature), in about 10 - 15 minutes, and the 
sequence was then repeated. 
H. Heat Transfer Data Reduction 
The voltage-displacement relation for the oscilloscope was 
determined by 11 shorting" the eight inputs to the stepping switch and 
then sampling precise, known voltages which were applied to the circuit 
by means of the voltage divider. (This voltage source had been calibrated 
previously with a Leeds and Northrup K-2 potentiometer). The resulting 
oscilloscope traces were photographed. The polaroid type 46 film 
produced a transparency of the trace which was projected on the ground 
glass screen of an optical comparator. A magnification factor of 10 
times was used, which corresponded to a net magnification of 4. 1 times 
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compared to the true size of the trace on the oscilloscope. The lengths 
L (Figure 12(a) ) were measured on the ground glass to within! 1 mm., 
then divided by two to give the actual beam deflection corresponding to 
the input voltage. The resulting voltage-displacement curve was linear, 
and the slope was repeatable within 1 per cent over a period of months. 
A sample iron-constantan thermocouple was made up and cali-
brated by suspending it in an oil bath of known temperature. The 
resulting temperature-voltage curve was linear within the temperature 
range used in the experiments. The slope of the curve differed by only 
0. 5 per cent from that predicted in the thermocouple tables. 
By multiplying the calibration constants 
(microvolts per em.) x (°F per microvolt) 
a constant calibration factor was determined for each sensitivity setting 
of the oscilloscope. 
The oscilloscope traces from the heat transfer runs were read 
by measuring the peak-to-peak l e ngths L on the optical comparator 
as described above. These lengths, when divided by two and multiplied 
by the appropriate constant, indicated the rise in temperature (°F) 
above the initial wall temperature as a function of time. These data 
were then plotted, a curve £aired through the points, and the slope 
measured by using a straight- edge with a prism attached to aid in 
determining the tangent. Sample curves for the no-injection condition 
are shown in Figure 13. For thermocouple 3, four thermocouples were 
each sampled twice during the cyclic measuring period; for thermocouple 
14 eight thermocouples were each sampled once during the cyclic 
mea suring period. 
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The initial wall temperature was determined by noting the cold 
junction temperature, the magnitude (and sign) of the voltage introduced 
by the voltage divider. and any differential temperature indicated by 
the "tare" trace. 
The utilization of these temperature-time histories and the 
errors involved in the final determination of the heat transfer are 
discussed in Section IV. D. 1. 
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IV. RESULTS AND DISCUSSION 
A. Schlieren Studies 
1. Unyawed Body 
Schlieren photographs of the flow over each model configuration 
were taken for each injection rate at a shutter speed of 1/25 of a second, 
using a steady BH-6 light source. The slit and knife edge were set 
horizontal for all of the exposures. Some of the more interesting 
pictures are included in Figures 14 through 29. All of the flow con-
ditions described here appeared steady when viewed with the schlieren. 
A photograph of the detached shock wave for the conventional 
no-injection case (Figure 14) is included for purposes of comparison. 
Figures 15 through 18 show the changes in the flow brought about by 
injection straight out of the stagnation point. The injection velocity 
in Figures 16 and 18 is estimated to be sonic at the exit of the injection 
tube. In Figure 15 the nitrogen injection velocity is estimated at 400 feet 
per second; in Figure 17 the helium injection is about 2, 000 feet per 
second. The shock wave bulges out around the point of injection in a 
manner similar to that observed when a thin blunt probe is extended a 
short distance in front of a hemispherical body21 . Injection moves the 
centerline stagnation point somewhere upstream of the body, just as in 
the case of the short probe. The distorted shock wave has an inflection 
point as it approaches the body and then begins to assume its conventional 
shape. The inflection point and the shock wave continuing downstream 
from this point both lie closer to the body than the detached shock for 
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the no-injection case because the air passing through the deformed shock 
is not slowed down as much as through the usual detached shock. Thus 
the mass flux per unit area in the flow behind the shock is higher, and 
the shock lies closer to the body. 
Figures 19 and 20, showing the flow field with a deflector cap 
installed and with injection, are representative of all of the deflector 
cap pictures both with and without injection. Here the shock shape is 
similar to that for injection straight out of the stagnation point, that is, 
the effect is that of a protruding short blunt probe. However, for the 
cap positioned closest to the nose (Cap A), the shock shape is altered 
only slightly. 
Figures 21 through 24 show the effects of spikes on the flow 
around the model. (Again, the schlieren pictures with and without 
injection are identical.) When a cylindrical spike is extended in front 
of a blunt body, the high pres sure at the base of the spike is fed upstream 
through the subsonic portion of the boundary layer on the spike. The 
boundary layer cannot support this pressure gradient, and it separates 
from the spike. If the boundary layer and the separated flow are laminar, 
a conical "dead air" region is formed with a resulting conical shock 
wave. The separated region is conical because the cavity is a region 
of constant pressure, and a conical surface is a constant pressure 
surface in the three-dimensional case. For all four spikes the conical 
shock wave angle as measured from the photographs agrees with the 
angle predicted from tables for a flow deflection equal to the observed 
semi- vertex angle of the separated region. The agreement is within 
"'!: 1°, and the small scatter is caused by the slight uncertainty in 
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determining the line defining the separated region. No change in the 
flow field for model HM + CA + S II (for example) could be distinguished 
from the pictures taken over a wide range of Reynolds numbers. 
In all four cases, there is a second shock wave originating near 
the body, which indicates that the separated region is not tangent to 
the body and hence the flow still has to be turned upon "reattachment". 
This shock wave moves around the nose of the body as the spike length 
is increased, until with the longest spike it was almost back to the 
sphere-cone tangency point. Also visible is the vortex line emanating 
from the intersection of this shock wave and the conical shock (Figure 21). 
The location of the separation point on the spike and the 
magnitude of the flow angle at separation must be determined by the 
balance between the pressure rise accompanying separation of the boundary 
layer and the pressure rise that a laminar 11free 11 shear layer can 
support upon reattachment.* 
Let us discuss the separation process first. Theoretical and 
. 1 d' 22• 23 f h . 1 . b d 1 expenmenta stu 1es o t e superson1c am1nar oun ary ayer 
have shown that 
g(M) 
( 6 C p ) peak ~ I I 
(Re ) 1 4 (M 2 _ l)l 4 
xs 00 
where ( ll.C ) k is the peak pressure coefficient corresponding to the p pea 
pressure rise accompanying separation, Rex is the Reynolds number 
based on distance from the spike tip to the separation point, and g(M) 
is a slowly varying function of Mach number of order unity. In other 
words, there is a unique relation between the possible location of 
* The author is indebted to L. Lees for suggesting this concept 
of the problem. 
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separation x and the flow angle at separation Q = Q 
s ----- s s 
( 6 c I M ). 
ppeak 00 
At the Reynolds numbers per inch of the present experiments, large 
values of Q ( and 6C ) are associated with flow separation very 
s Ppeak 
near the spike tip (low Re ). The possible value of Q decreases 
X S 
rapidly at first and then more gradually as the separation point moves 
aft (see sketch). 
R 
\ 
Now let us examine the reattachment process. Consider first 
the case of a relatively short spike (L/D ~1). For a given ratio of 
spike length to nose diameter a unique point x * and a unique Q * exist 
s s 
on the spike for which the separated gas stream would just be tangent 
to the body surface. For all x > x * the separated flow would impinge 
s s 
on the body at a certain angle and must be turned parallel to the body 
surface through an oblique shock. Our supposition is that "equilibrium" 
is attained when the pressure ratio across this required flow deflection 
is exactly equal to the pressure ratio that can be sustained by a reattaching 
laminar "free" shear layer. This permissible pressure ratio (p2/.p1 )R 
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at reattaclunent has been studied by Chapman22• Based on the reasonable 
hypothesis that the pressure just downstream of reattachment must be 
equal to the total head along the "dividing streamline" in the free shear 
layer, Chapman obtains the relation 
r 
= [--~-+_r_2_~_M_e_2---J i'=T 
1 + o. 655 r- 1 ) M 2 2 e 
which does not depend explicitly on the Reynolds number. In the present 
case M is the Mach number in the constant-pressure, conical flow region 
e 
just downstream of separation, i.e., M = M = M (Q , M ), so that 
e s s s oo 
(p2/p1 )R is a unique function of Q s for a given M 00 and l . A plot of 
(p2/p1 )R vs. g s is shown schematically in the accompanying sketch. 
~~~mpingement pressure 
r Bsequil. 
ratios 
1.0 
Increasing values of Q correspond to lower values of the Mach number 
s 
after separation, or prior to r eattachment, and hence to somewhat 
For each free stream Mach number M there is a certain 
00 
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maximum flow deflection Q (which depends upon 'lf ) for an attached 
max 
conical shock wave. If the spike is too short, no equilibrium value of 
Q ~ Q can be found. In that case one obtains a "bulge" in the 
s max 
detached bow shock similar to that shown in Figure 20. When the ratio 
L/D reaches a certain critical value an attached conical flow separation 
shock is just possible. For any given L/D greater than this critical 
value the pressure ratio corresponding to the flow deflection required 
at the impingement point is a sensitive function of the possible value of 
Q (see sketch above). As L/D is increased it is clear from geometric 
s 
considerations that this required pressure ratio drops sharply for a given 
possible value of Q ; i.e., the curves of impingement pressure ratio 
s 
vs. Q s are shifted to the left in the accompanying sketch. Since (p2/p1 )R 
is a rather "flat" function of Q , the equilibrium value of Q certainly 
s s 
decreases with increasing L/D, but the permissible flow deflection at 
impingement varies very little. Thus the point of impingement must 
move aft on the body surface with increasing L/D, and at the same time 
the separation point on the spike also moves aft. (See sketch below.) 
29 
This qualitative analysis is borne out by the sequence shown in Figures 
21-23, and by previous experimental results obtained for laminar flow 
25-28 
at lower Mach numbers. 
While this report was in preparation the results of a preliminary 
investigation of spiked bodies in the Princeton helium hypersonic tunnel 
at M ~ 14 were received. 24 A much wider range of spike lengths were 
employed in the Princeton work than in the present study, and the 
schlieren photographs of the flow with L/D = 1, 4, and 7 on a hemisphere-
cylinder {Figure 4 of Reference 24) show very clearly the aft movement 
of separation along the spike with increasing spike length. In this 
connection a brief remark should be made about the influence of body 
geometry on this _phenomenon: For the hemisphere-cylinder an equilibrium 
impingement point always exists on the hemispherical nose. But for a 
spherically- blunted cone {for example) the impingement point eventually 
reaches the junction between the nose and the conical skirt if the spike 
length is increased sufficiently. For longer spikes the impingement 
point lies somewhere on the skirt, and for a certain spike length it 
reaches the base of the body. Beyond this point the entire body is 
immersed in the separated flow from the spike. The critical ratio of 
spike length to body diameter at which this situation occurs decreases 
rapidly as the cone skirt angl e is increased. An extreme example is 
shown by the flat-faced cylinder studied in the Princeton experiments. 24 
So far this discussion has been limited to purely laminar flow. 
Since it has been shown experimentally that a turbulent boundary layer 
can support a larger pressure rise without separation than can a laminar 
layer, two regimes are possible. For example, when the boundary layer 
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on the spike is turbulent the separation point occurs much farther down-
stream from the tip than in the laminar case, and the conical shock is 
stronger. The boundary layers on the spikes for this experiment are 
almost certainly laminar and thick.* The basic mode of separation 
(i.e., separation near the spike tip, with no abrupt movement of the 
separation point) appears unchanged throughout a variation of free stream 
Reynolds number based on spherical nose diameter of 1. 11 x 105 to 
5 2. 84 x 10 . This behavior is in contrast to the results reported in 
Reference 10 at M = 2. 67, where separation was observed far downstream 
of the cone shoulder for L/D < 1. 5 at comparable values of free stream 
Reynolds number. Such a movement of the separation point indicates 
transitional or turbulent boundary layers on the spike or in the free 
shear layer, and the fact that this large movement is not observed here 
emphasizes the increased stability of the laminar boundary layer at 
higher Mach numbers. Similar observations have been made by 
24 
Bogdonoff and Vas. 
2. Yawed Body 
Figures 25 through 29 show the flow about the yawed model. 
(Figure 25 is a comparison photograph of the no-injection case.) Figures 
26 and 27 show the changes in the flow when a large quantity of helium 
is injected out of the stagnation point along the axis of the model. At 
* Recent experiments in the Leg 1 tunnel by Mr. M. Matthews 
have shown laminar boundary layers of. 10 11 thickness to exist 40 
diameters back from the conical tip of a • 083 11 diameter probe at a 
Reynolds number of 181,000 per inch. 
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0 
a. = 4 the detached shock wave has a hemispherical bulge similar in 
shape to that at zero angle of attack, while at a = 8° the injection 
distorts the shock wave into somewhat of an ogive shape. 0 At a. = 8 the 
shock wave shape around the lower surface appears to be almost 
independent of the injection. Thus it would seem doubtful that the injection 
had much of a blanketing effect over the lower surface at high angle of 
attack. No pressure or temperature measurements were made with the 
model yawed. The problem of injection at the stagnation point of a yawed 
body is currently under experimental investigation in the GALCIT 
Hyper sonic Wind Tunnel. 
Figures 28 and 29 show the effect of angle of attack on the spike-
induced separation. Around the lower surface the separated region and 
the resulting conical shock wave intersect the body close to the stagnation 
point so that the flow still has to be turned in almost the same manner 
as without the spike. Around the upper surface, the separated region 
envelopes the body and there is no shock wave emanating from the body. 
The separated region and the shock wave from the tip of the spike are 
both conical for a short distance downstream of the tip. Then, because 
of cross-flow caused by the high pressure on the lower surface, the 
separated region becomes concave in shape with a resulting change in 
the shock wave shape. 
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B. Pressure Distributions and Forebody Drag 
1. Model with No Injection 
The pressure distribution on the model with no injection (Figure 
30) is used as a basis of comparison for the other conditions and con-
figurations. For this case, the Reynolds number effect is small over a 
range of free stream Reynolds numbers from 0. 79 - 2. 03 x 105 /inch, 
as was also demonstrated in Reference 14. 
2. Injection Straight Out Stagnation Point 
The pressure distributions on the model with varying nitrogen 
and helium injection are shown in Figures 30, 31, and 32. Here the 
gases were injected straight out of the orifice, i.e., injected opposite 
to the free stream direction. 
The pressures show a severe disturbance of the flow field for 
the larger flow rates. A local pressure maximum appears at S/R = 0. 2 
with nitrogen injection at Re = 1. 50 x 105 (Figure 30). In all cases 
steep pressure gradients are set up in the vicinity of the injection 
orifice. The local flow along the model is toward the orifice, and then 
this flow must be entrained in the jet, thus setting up a vortex flow 
pattern between the model and the distorted shock wave. The pressure 
distributions with this method of injection are similar to those noted 
in Reference 21, Figure 5, for very short spikes protruding in front of 
a hemisphere model. On the basis of these results, it was thought 
that injection out of the stagnation point would not be satisfactory as a 
heat transfer reduction device because of the very large disturbance 
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introduced by the injection itself.* In order to minimize this disturbance, 
deflector caps were mounted over the end of the injection tube in an 
attempt to force the injected gas to flow in a direction parallel to the 
body surface. 
3. Injection with Deflector Caps 
The pressure distributions with the three different deflector 
caps mounted on the model are shown in Figure 33. As would be 
expected, the cap projecting farthest from the model produces the great-
est change in the pressure distribution. The effect of nitrogen injection 
on the pressure distribution is slight, regardless of the spacing between 
the cap and the nose. A representative result for injection with Cap A 
installed is shown in Figure 34. The pressures measured by orifice 
No. 2 located behind the caps at S/R = 0. 1 have been omitted in plotting 
the data with caps and with injection, because they reflect the varying 
outlet pressure under the cap, and hence are not meaningful for this 
discussion. 
The pressure peak in all of the pressure distributions occurred 
upstream of the location of the inflection point of the distorted shock 
wave. The same observation applies for the cases with injection 
straight out the nose. 
Since none of the configurations with caps displayed any 
appreciable pressure effect with injection, cap A. which caused the 
least no-injection disturbance in the flow field, was chosen to be used 
* Later it was found that this mode of injection actually produced 
a more efficient 11blanketing11 of the body! (Section IV. C) 
34 
on the heat transfer model. 
4. Model with Spikes 
The pressure distribution on the model was measured for the 
no-injection case with the four different spikes attached to each of the 
three caps in turn. The results were qualitatively the same for each 
cap. The pressures on the model with the spikes attached to cap A are 
shown in Figure 35. These results show a significant reduction in 
pressure over the spherical nose when the long spikes were attached. 
In particular, spike III reduces the pressure on the nose to 10 per cent 
of the value with no spike attached. The low pressure at small values of 
S/R indicates the pressure within the conical separated region, while the 
pressure peaks correspond to the pressure rise associated with the 
reattachment and turning of the separated flow. The value of (p2/p1 )R 
(see Section IV.A. 1) was calculated from the relation given by Chapman 
be measuring the separation angle Q from the schlieren photographs. 
s 
This Qs yielded a value for Me and hence (p2/p1)R. These values of 
(p2/p1 )R were compared with the measured values of the pressure ratio 
at reattachment, where now p 1 is the pressure measured on the model 
nose inside the separated region and p 2 is the peak pressure measured 
at reattachment. For Model HM + CA + S II, the measured value of 
(p2/p1 )R is 7 - 25 per cent smaller than that predicted by Chapman's 
relation when Re ~ l. 50 x 105 ; when Re = 2. 23 x 105 the measured value 
is almost twice as large as that predicted (Figure 38). 
In the Princeton helium experiments mentioned previously 
(Section IV. A. 1) pressure distributions were also measured on spiked 
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hemisphere cylinders. For the case of L/D = 4 (in Reference 24), the 
measured value of the reattachment pressure ratio is about 35 per cent 
larger than that predicted by this present analysis. It is possible that 
the higher measured values of (p2/p1 )R in both sets of experiments 
reflect transition in the free shear layer (perhaps quite close to 
reattachment so as not to be visible in the photograph), but a complete 
explanation must await a more detailed quantitative treatment. One 
fact is clear: the Reynolds number dependence of the reattachment 
pressure ratio does not appear explicitly in the present treatment 
(entering only indirectly as a small change in Q ), while the magnitude 
s 
of the pressure peak upon reattachment was experimentally found to be 
rather strongly influenced, both in magnitude and location, by the 
Reynolds number. 
The Reynolds number effect on the model pressure distribution 
with the spikes was checked by testing cap A with three of the spikes 
over a range of p from 36. 4 - 96. 4 psia. The results are shown in 
0 
Figures 31, 38, and 39. The Reynolds number effect on the pressure 
peaks is pronounced for spikes I and II, but not large for spike III. 
The reattachment in the case of spike II at Re = 1. 50 x 1 o5 is thought to 
be laminar, from the results of a local heat transfer measurement on 
the conical afterbody. 
The cone angles of the separated regions were measured from 
the schlieren photographs and the corresponding cone surface pressures 
determined from the Taylor-Maccoll theory. These pressures agree 
with the pressures measured on the nose inside the separated region 
to within~ 5 per cent, which is consistent with the accuracy of the 
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separation angle measurement. 
The pressure distribution with varying nitrogen injection was 
measured for each spike- cap combination. A representative result is 
shown in Figure 36. The change in the basic pres sure distribution with 
increasing injection rate is small. 
The combination of cap A and spike II (L = 1 ~") was chosen to 
be used on the heat transfer model. 
The pressure drag on a body of revolution is determined by 
integrating: 
= f p cos ., dA 
where 
dA = 21rydS 
dS cos 'It = dy 
= 
RB 
f p . 21Ty dy n 
0 
y 
A foredrag coefficient referred to the base area may be formed 
as* 
= 
1 2 ( 2 ( z p U ) 1T RB 00 00 
A foredrag coefficient thus can be determined from the measured 
pressure distributions. 
The foredrag coefficient for the case of maximum helium or 
nitrogen injection straight out of the stagnation point was 15 per cent 
* This definition of the coefficient neglects skin friction drag. 
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less than for the no-injection case, ignoring the drag penalty chargeable 
to the forward momentum of the injected gas. 
The foredrag coefficients for the model alone and for the model 
with cap A and each of the three probe- spikes are shown in Figure 40. 
These cases are all for zero injection. Note that with the longest spike the 
drag was reduced by a factor of about three. This plot does not take 
into account the skin friction on the spike. Since the pressure in the 
separated region is constant, the same pressure should exist in front 
of and behind cap A, and no correction is made for the presence of 
the cap.* A similar data reduction in Reference 24 (Princeton) shows 
the form drag at M ~ 14 to be reduced by a factor of ten when a spike 
00 
of optimum length L/D ~4 is mounted on a hemisphere-cylinder. 
* The pressure drag on the cone tip is only 0. 2 per cent of 
the drag with the longest spike attached; hence this incremental drag 
is disregarded. 
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C. Equilibrium Temperature Studies 
l. Model with No Injection 
Equilibrium temperature measurements on the model without 
caps or spikes for the no-injection condition are plotted for reference 
in Figure 46. None of these data are corrected for conduction or 
radiation effects, nor are the data with injection. The radiation loss 
from the model to the cooler wind tunnel walls is small; making a 
correction for it would raise the measured no-injection model temper-
0 
atures less than 5 F, and the correction with injection would be less. 
However, on a model such as this there is considerable heat conduction 
through the skin, so that the measured temperature is lower than the 
adiabatic wall temperature near the front of the model and higher 
near the base. Although the net integrated heat transfer over the entire 
model surface should be zero (ignoring any heat loss to the sting), this 
internal conduction will have some effect on the history of the boundary 
layer growth. 
2. Injection with Cap A 
The equilibrium surface temperatures measured on the model 
when various rates of nitrogen and helium were injected using the 
deflector cap are plotted in Figures 41 and 42. * At station S/R = 0 
are plotted the injection gas temperatures as measured in the plenum 
chamber. (See Figure 3.) The acmal injection temperature as 
* The temperature measured by the four thermocouples at 
S/R= 0. 61 differed by at most 5°F over the ranges of injection. 
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experienced by the model is rather difficult to define for this con-
figuration. First, some heat is taken up by the coolant as it impinges 
on the hot cap prior to flowing into the boundary layer. Second, the 
temperatures at S/R = 0. 1 for the largest helium rate indicate a lower 
temperature than the plenum chamber temperature. This fact is 
attributed to expansion of the coolant gas after it passes through the 
minimum section 11 throat 11 between the cap and the model. The injection 
temperature varied about 60°F over the range of injection rates because 
of varying amounts of heat picked up by the gas as it traversed the 
. 
tubing between the wind tunnel wall and the base of the model. However, 
the variation in the ratio of the injection temperature to the tunnel 
stagnation temperature is about 10 per cent, while the injection mass flows 
varied by a factor of 10 for nitrogen and 6. 4 for helium. Since the 
equilibrium model temperature would be expected to be dominated 
by the large changes in mass injected, and only weakly dependent upon 
the injection gas temperature variations, this small change in the 
injection temperature was not considered serious. In any event, the 
variation has been taken into account by non-dimensionalizing the data, 
and the results are shown in Figures 43 and 44. 
The nondimensional parameter 
I = 
has been formed, where 
T .. lnJ 
T .. lnJ 
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= measured wall temperature with injection 
= injection gas temperature as measured in plenum chamber 
= measured wall temperature for no-injection condition 
= measured wall temperature at S/R = 0. 1 for no-injection 
condition 
The significance of this parameter can best be under stood with 
the aid of a sketch: 
The injection temperature is plotted at S/R = 0 and is then 
computed for each S/R by multiplying it by the ratio '1.1 / t'\. 2 . The ratio 
) 1/ J 2 is then formed, which is the temperature ratio parameter. If 
the injection process is of no value and the wall temperature with 
injection rises quickly to the no-injection value, the ratio approaches 
one. If the injection process is so effective that it keeps the model 
at an equilibrium temperature corresponding to a stagnation point 
temperature equal to the temperature of the injected gas, the ratio 
is zero. Thus the parameter ranges between zero and one, with the 
lower values indicating better cooling according to the criterion that 
the injected gas should keep the model equilibrium temperature equal 
to that expected for the corresponding "stagnation point11 injection 
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temperature. 
Before discussing these results, it is well to get some feeling 
for the amounts of gas being injected. The volume flow of coolant 
corresponds to 0. 053 - 0. 53 standard cubic feet per minute of nitrogen, 
and 0. 195 - 1. 26 standard cubic feet per minute of helium. The mass 
flux in the boundary layer on the spherical nose with no injection was 
computed using References 29 and 30. The ratio of the mass injected 
at the stagnation point to the mass flux in the undisturbed boundary 
layer at Q = 80° (tangency point) ranges between 3. 6 per cent and 
36 per cent for nitrogen and 1. 9 per cent and 12 per cent for helium. 
Both coolant gases show an increase in efficiency, as defined by 
the nondimensional temperature ratio r defined above, with increasing 
injection rate, as is illustrated in Figures 43 and 44. 
The temperature distributions in Figures 41 and 42 for injection 
with the cap are qualitatively similar to those which might be expected 
on the basis of a preliminary theoretical treatment (unpublished) of 
injection (film cooling) into a flat plate boundary layer. Introduction 
of the coolant distorts the boundary layer profile and interposes a cool 
film near the surface. This effect does not persist because of mixing 
and heat conduction from the hot outer gas, and the surface temperature 
begins to rise . Then, unlike the flat plate, this rise is combined with 
the falling equilibrium temperature on the blunt body and the surface 
temperature decreases again. When comparing with the flat plate, it 
is instructive to bring out the similarity between the two cases by 
considering the temperature ratio 
1 -
which is analogous to the ratio 
1 -
T - T 
aw wrfo 
T 
aw 
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for the flat plate, where T is the flat plate adiabatic wall temperature 
aw 
with no injection (a constant). The two ratios are seen to have the same 
meaning when they are presented schematically: 
T T 
Blunt Body Flot Plate 
Tw r~:o 
The measured temperature distributions with helium injection 
are shown plotted in the following sketch: 
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They behave in much the same manner as do the analogous ratios in 
our preliminary theoretical treatment of the flat plate case. 
The degree of cooling effected by this injection process, and particularly 
the persistence of this cooling downstream, is surprisingly good, and 
would not be expected on the basis of some published flat plate calcula-
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tions. 31 A major difference between the two models is that in the flat 
plate case the gas is injected normal to the surface at a relatively low 
velocity, whereas here the gas is injected parallel to the surface at 
a very high velocity. Work is in progress at GALCIT on the theoretical 
aspects of this blunt body injection problem. 
Figure 45 indicates the cooling efficiency of nitrogen and helium 
for the same mass injected. Helium is seen to be much the better 
coolant choice for this particular method of injection. 
3. Injection straight out Stagnation Point 
The equilibrium temperatures measured on the model when 
various rates of nitrogen and helium were injected straight out of the 
stagnation point are shown in Figures 46 and 47. The scatter in the 
four thermocouple readings at S/R::: 0. 61 caused by asymmetry was 
0 
about 4 F. For all but the smallest injection rates for both gases, the 
injection velocity at the exit of the injection tube is estimated to be 
sonic velocity-- about 1200 feet per second for nitrogen and 3500 feet 
per second for helium.* This estimate is based on the fact that the 
pressure drop between the plenum chamber and the pressure as measured 
by the first pressure orifice is very large, indicating "choking" at the 
tube exit. Hence the injection flow is expanding supersonically into 
the relatively low pressure region surrounding the nose of the model. 
Figure 46 shows that, beyond a certain rate, increasing the nitrogen 
injection rate (and incidentally decreasing the injection temperature) 
* The free stream velocity behind the undisturbed bow shock 
wave is 520 feet per second at this Mach number. 
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does not result in a decrease in model surface temperature. In contrast. 
the helium results in Figure 47 show a continued dependence of model 
surface temperature on injection rate. 
For both gases, the model surface temperatures. once established 
near the injection region, decrease with increasing S/R at about the 
same rate as do the no-injection surface temperatures, in some cases 
falling below the measured plenum temperatures. This fact is illustrated 
in Figures 48 and 49 where the wall temperatures are nondimensionalized 
by the temperature measured at S/R::: 0. 1. The curves for all injection 
rates of both gases are superimposed upon the basic curve with no 
injection, whereas if the model temperatures with injection increased 
with increasing S/R the ratio would become greater than one and be in 
the neighborhood of the value listed in the box. This method of non-
dimensional plotting seemed more appropriate in bringing out this 
important point than plotting the data in the nondimensionalized ratio r. 
One curve for helium plotted in terms of j is shown for comparison 
in Figure 50. 
For this method of injection, as in the previous case with the 
cap. the degree of cooling and the persistence of the cooling is unexpectedly 
good. The mechanism by which the cooling is brought about by this 
injection straight out of the stagnation point is complex, involving a 
mixing process which is difficult to analyze. However, some ideas are 
presented which may help to explain these two effects. 
As regards the cooling effect, it would seem that the cool 
injected gas mixes with the hot free stream upon emerging from the 
tube and that this cool mixture of gases then flows along the body and 
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forms a protective blanket around it. In order to get some estimate of 
the relative masses involved in this mixing, a theoretical model has 
been assumed for the larger injection rates where the exit velocity is 
sonic. This model is admittedly over- simplified, and does not predict 
trends, but it does indicate the low- enthalpy blanketing effect described 
above. Consider a sonic jet emerging from the tube exit and over-
expanding into the relatively low pressure region around the nose 
---- ...... r----- --- --- --- ----,1-t---
A 
-=r_~...._-H-Po' pao Uao 
--- ------
This jet is decelerated through a normal shock and brought to rest at 
a stagnation pressure equal to the stagnation pressure on the centerline 
behind the detached bow shock wave. Assuming the plenum pressure to 
be the reservoir pressure for this isentropic jet expansion prior to 
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the normal shock, the ratio p '/p is known and hence A/A* may be 
0 0 
determined. The free stream mass entering through this "capture 
area" is assumed to mix completely with the mass of cool injection gas. 
A mass balance of the stagnation enthalpies was carried out by this 
method for the injection conditions of the experiment. The resulting 
stagnation temperature of the mixture was 206 °F - 195°F for the 
nitrogen rates and 175°F - 160°F for the helium rates. Thus the effective 
stagnation temperature which the body perceives is substantially lower 
than that with no injection. The defects of this model are apparent 
when these results are compared with the measurements. The predicted 
temperatures for the blanket are higher than the values measured on 
the model, and there is not enough temperature variation with changes 
in r. 
Regarding the persistence of the cooling, the injected mass is 
greater than the mass that would be contained in the undisturbed boundary 
layer up to g = 9°-30° for the nitrogen and g = 6 ° - 17° for the helium. 
The schlieren photographs (Figures 16 and 18) show that the inflection 
point in the distorted shock wave occurs at about g = 40°. Within this 
"reattachment" region most of the free- stream air that would normally 
enter the undisturbed boundary layer has been mixed with the cool 
injected gas, and beyond this point the additional amount of hot free-
stream air entrained in this cooling blanket is small. This fact may be 
seen from the following table: 
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Mass Flux in Undisturbed 
Boundah Layer at 
g Angle Q Mass Flux in 
Undisturbed Boundary 
0 Layer at Q = 6 
(References 29 and 30) 
11° 3. 13 
35° 21. 5 
50° 24.5 
80° 55. 7 
Thus a cool "sub layer" is set up within the boundary layer and the 
model is immersed in a region of low enthalpy gas. 
4. Injection with Cap A Plus Spike II 
The measured temperatures and nondimensional temperatures 
for this case are shown in Figures 51 through 54. The fact that some 
of the points in Figure 53 lie above 'I= 1 is not considered to be 
significant, since the numerator and denominator in the r ratio are 
nearly equal and hence the experimental error of ! 1 °F is reflected 
as a large change in 1"'. 
The model surface temperatures with the spike in place and 
without injection are slightly lower than without the spike, as has been 
noted by other investigators. 
The temperatures with injection show the same general trend 
as those with Cap A, because the spike is mounted on the front of the 
cap. However, the temperature peak occurs at a larger value of S/R 
with the spike in place. 
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D. Heat Transfer Studies 
1. Local and Average Measurements; Accuracy 
Measurements of local heat transfer rate with the model alone 
(Model HM) and with no injection yielded values of heat transfer which 
agreed with the values in Reference 15 within about 15 per cent. The 
magnitudes of the coefficients in the heat equation for the hemisphere 
(Equation A-3) used in the data reduction are 
~T = ~5 + ic 
CJT = - 6.04-XI0-4-~ + 3.94-X/05 [cof-& ~+ clTz] 
0 Jc d& J~ 
BTU/inz. sec 
The degree of accuracy possible with this measurement was felt to be 
marginal, because the conduction term was 20 - 70 per cent of the total 
heat transferred at stations near the stagnation point and was repeatable 
only to 40 per cent because of the graphical double differentiation involved. 
For the larger injection rates the storage term became very small and 
the temperature gradients became very large. Thus, the accuracy 
and repeatability obtainable with this size of model by the transient 
technique precluded the determination of reliable local heat transfer 
values for the runs with injection. However, reliable average values of 
tlEheat rate over certain segments of the model surface can be obtained 
from the transient data. By assuming axial symmetry and integrating 
the basic equation for the hemisphere one obtains: 
q_ ~ -.2JL p c (R~ R! /1 T, sin<> de- + 2 7T k, (R -R1H lsin<>- dTw]-62_ ~ AV 3 \ m m 'J t L de-
~ ~ I 
or 
50 
3 erz. 
Q. = -t.a6x/o3(oTwsll7e-der + 
OAV j .ot 
-e; 
&z. 
/.21 x1o 4 rsm~ dTwl BTU L oe:J sec 
&, 
Thus the second graphical differentiation is eliminated by the integration, 
and the magnitude of the storage term is increased compared to the 
conduction term because it is the sum of the heat transferred over an 
area. 
The above equation was used to reduce the data over three 
0 0 0 
segments of model surface: Q = 0 - 30 ; Q = 0 - 60 ; and Q = 0 - 80 • 
Not all of the thermocouples on the model could be read in a single run, 
but overlapping readings were taken in each sequence of runs. In 
general, a set of three "blow-down" runs was necessary to get all of 
the data for one test condition. The slopes of the temperature histories 
in the first run of the set were read at 4 seconds, with a repeatability 
in the slope reading of any curve of 't 2 per cent, and the slopes of the 
repeated readings in the other two runs were taken at a point in time 
so that they rnatched the value in the first run. This procedure meant 
a shift in the absolute time scale of up to ! i second to account for 
uncertainties in the absolute time zero location. The wall temperatures 
were estimated to be accurate within! i F, which corresponds to an 
+ error of about - 5 per cent in the absolute accuracy of the conduction 
term. The measurement of any oT/oQ was repeatable within± 4 per 
cent. The results of four runs for the no-injection case, two with model 
HM and two with model HM + CA were averaged and compared with 
theory and the experimental results reported in Reference 15 to 
establish the validity of the present heat transfer method. The results 
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were as follows: 
Segment q (BTU/ sec.) No Injection c:lc /qav Maximum av Difference g = Present Theory Prev1ous (per q ; 4 runs Experiment (References Experiment* 
cent) av 12 and 32) (Reference 15) (per cent) 
0 - 30° 3. 25 3.64 3.89 43 14 
0 - 60° 9. 26 9.25 9.63 34 11 
0 - 80° 10. 5 10.9 11. 7 10 17 
A considerable portion of the difference between runs noted in the 
last column above can be attributed to the fact that the stagnation temper-
ature and the model temperature were not identical for each run. The 
stagnation temperature establish·ed at 4 seconds varied about 8 per cent 
from one run to the next, and the initial wall temperature varied about 10 
per cent. The data are plotted as they were obtained, and are not correct-
ed for this variation in test conditions. In view of these test conditions, 
agreement with theory and previous experiment (about! 10 per cent) is 
thought to be satisfactory, and encouraging enough to warrant employing 
the same technique for determining the effect of mass injection. 
2. Injection Results with and without Cap 
The average heat transfer over the three segments for the con-
figurations Model HM and Model HM + CA is plotted in Figures 55, 56, 
and 57 as a function of the injection parameter. The repeatability is 
thought to be sufficient to illustrate the large effects under investigation. 
* q obtained by integrating local values of q determined from 
av given expenmental values of Nusselt number. 
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As expected, the no-injection results with and without the cap are the 
same within the accuracy of the experiment and the results obtained 
with injection are nondimensionalized by the arithmetical average of 
four no-injection runs (two with cap A and two without). 
For all of the transient runs the inlet tubing to the model was 
at approximately room temperature, so that the injection gas temperature 
also was at about room temperature and remained constant during the 
transient measuring period. 
Referring to Figure 55, the negative values of the ordinate mean 
that for this segment, at the larger helium flow rates, heat is given 
up by the model to the air, i.e., the storage term was extremely small 
and the conduction term showed more heat entering the segment by 
conduction than could be accounted for by the storage term increase. 
Heat flows into the segment 0 ~ Q ~ 30° from further aft where the heat 
transfer rate is higher and thence out into the coolant surrounding 
the skin. Thus the interpretation of these negative values is simply 
that the heat transfer rate from the boundary layer is extremely small. 
The results for all three model segments show a marked 
advantage in using helium rather than nitrogen as a coolant. The one 
exception is helium injection with Model HM + CA for the segment 
0 0 < < 0 Q = 0 - 80 . Between 60 = Q = 80 the heat transfer rate exceeds the 
value for no injection, so that the over-all average is above the no 
injection value. No explanation can be given for this effect, though 
it is unlikely that it is caused by laminar-turbulent transition, since the 
equilibrium temperatures do not indicate any increase in this neighborhood. 
According to Figure 55, the average heat transfer rate over the 
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segment 0 ~ Q ~ 30° is reduced practically to zero by injecting a mass 
flow of helium as small as ±per cent of the mass flow of air intercepted 
by the body cross- sectional area lrR 2 , with or without the deflector cap. 
For the entire segment 0 ~ Q ~ 80° the average heat transfer rate is 
reduced appreciably only when helium is injected directly out of the 
forward stagnation point .. i.e., without the deflector cap. 
The results are not quoted in terms of a heat transfer coefficient. 
However, a feeling for the magnitude of the coefficient is obtained by 
finding an approximate equilibrium temperature from the nondimensional 
temperature ratio i with T. . of about room temperature. Then using lnJ 
q:: h(T .1 - T ) it is found that the primary reason for the reduction eqm w 
in the heat transfer rate is the reduction in the equilibrium temperature, 
and that the heat transfer coefficient h in most cases increases with 
injection. With nitrogen, the heat rate remains about the same and the 
equilibrium wall temperatures decrease, so that the net effect upon his 
an increase of about 50 per cent over the no-injection value. With 
helium, the heat rate decreases, but not as fast as the equilibrium 
temperature, and the net effect upon h is an increase of about 70 per cent 
over the region Q = 0 - 80° and of about a factor of 5 in the segment 
0 Q = 0 - 30 • This increase is probably due to jet action. With the cap 
on, a very large tangential velocity is introduced at the surface, and 
au/an increases. With straight injection, the air near the wall in the 
region Q = 0 - 30° is entrained in the jet. 
Although no nondimensional parameter could be found from this 
experiment to correlate the different effects of nitrogen and helium, 
two factors must play an essential role: (1) the larger specific heat of 
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heliwn, about 5 times that of nitrogen, and (2) the higher velocity of 
injection of helium compared with nitrogen, for the same mass flow. 
3. Injection Results with Spike II 
The average heat transfer measured with Spike II in position 
was lower than with no spike, even with no injection. Specifically: 
q (spike) 
Model Segment av qc/qs q (no spike) 
av 
Q = 0 - 30 
0 
-0. 163 100 
(heat leaving 
model) 
Q = 0 - 60° 0.767 40 
Q = 0 - 80° 1. 027 30 
The result for the first segment (0 - 30°) is probably not 
reliable quantitatively, since both the conduction and storage terms 
were very small. But in no case were the average heat rates appreciably 
higher than without the spike. This result would seem to be correct 
physically, since the pressure decrease caused by the spike would lower 
the heat transfer coefficient by about 1/3, and near the nose the coefficient 
in the separated region is about one-half that for a laminar boundary 
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layer • This result is in disagreement with the data obtained in 
Reference 10 wherein the average heat transfer rate with a spike 
mounted on a blunt body was reported to be approximately double that 
for the laminar boundary layer on the body alone. In this case almost the 
entire increase occurred over the forward half of the surface area of the 
hemisphere. These data were obtained at M = 2. 67, and at comparable 
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free stream Reynolds numbers and values of L/D; the results were in 
fact independent of spike length. The key to the situation may lie in the 
33 
remark made by Chapman to the effect that the separated flow induced 
by the spikes in the experiment of Reference 10 was apparently of the 
"transitional" type, i.e., with transition occurring between separation 
and reattachment, whereas the comparison was made with the attached 
flow of a completely laminar boundary layer. Recent results from the 
Princeton helium tunnel24 agree with one of the results quoted here, 
namely that the presence of a spike and laminar separation substantially 
reduces the heat transfer rate near the stagnation point of a blunt body. 
However, Reference 24 shows a reduction of about 1/3 in the overall 
heat transfer rate to the entire hemisphere nose when a spike with L/D = 4 
is fitted; while the _present results show almost no reduction in average 
heat transfer rate over the entire nose when a spike of L/D = 2 is fitted. 
The reason for this disagreement is not fully understood at present, 
but at least the average heat transfer rate is in no case larger than 
the average value without the spike. 
In the present experiment the separated flow for the spike of 
L/D = 1. 07 was almost certainly of the "pure laminar" type, i. e., no 
transition before reattachment. This statement is based on the fact 
that a local measurement of heat transfer was made on the cone skirt 
at thermocouple No. 14 for the case of model alone, no injection, and 
for model HM + CA, no injection.* This local value changed only 
* On the cone skirt the temperature gradients are flat, and the 
value of q /q was only 0. 05. 
c s 
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3 per cent for the two cases, which is within the experimental accuracy, 
and the average heat transfer results up to the shoulder agree with the 
laminar theory, for model HM. 
It would appear, then, that the heat rates to the forward part of 
the model with a spike attached are very much dependent upon the type 
of separation involved. 
The results with model HM + CA + S II and with injection are 
shown in Figures 58 and 59, nondimensionalized by the no-injection heat 
rate values for the same model. The accuracy was not as good here as 
in the previous cases, because the storage term remained relatively 
small while the conduction term got very large, so that only a qualitative 
discussion should be made. The direction of heat transfer over the 
0 0 - 30 segment was from the model to the coolant in all cases, and 
hence is not plotted. The results for the other segments do not show 
the large decrease in heat transfer predicted in Reference 33, but the 
mechanism is probably not the same. In the theory the mass is injected 
into the front of the recirculation region; in the present experiment the 
mass is injected against cap A and thence along the model surface at 
the rear of the recirculation region. 
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V. CONCLUSIONS AND RECOMMENDATIONS 
The most important results of the various studies are: 
( 1) The schlieren studies show that flow separation devices 
(spikes) result in separation at or near the spike tip over a range of 
Reynolds numbers based on spherical nose radius from 1. 11 - 2. 84 x 105 
and values of L/D up to 1. 78 at a Mach number of 5. 8. This value of 
L/D for laminar separation is greater than that achieved at a lower Mach 
number and comparable Reynolds number, thus demonstrating the increased 
stability of the laminar boundary layer at a higher Mach number. 
(2) The separation caused by the spike with L/D = 1. 78 results 
in a foredrag coefficient of one-third the value with no spike attached. 
--\ ,.} (3) The injection of cool nitrogen or helium gas at the stagnation ~' ~,.. ~ point furnishes a powerful method of reducing the equilibrium wall 
temperature. The downstream persistence of this cooling effect is 
surprisingly good. Injection straight out of the stagnation point seems 
to blanket the whole body with a low enthalpy gas, and the equilibrium 
" surface temperatures are substantially reduced over the whole model 
surface. Injection of the coolant gas tangential to the surface results in 
equilibrium surface temperature distributions qualitatively like those 
expected for injection into a boundary layer, but the boundary layer 
profile is severely distorted by the high tangential injection velocity and 
the cooling effect persists further downstream than would be anticipated 
from flat plate injection theory. 
(4) With either method of injection, for the same mass flow, 
helium is a better choice of coolant than nitrogen. 
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(5) The average heat transfer over a segment near the nose of 
the body is decreased almost to zero by injecting a mass of helium as 
small as ~ per cent of the mass flow of free- stream air intercepted by 
the spherical cross-sectional area 1rR2 
(6) The primary reason for the reduction in the heat transfer 
rate would seem to be the reduction in the equilibrium wall temperature. 
Both methods of injection (straight out the stagnation point and tangential 
to the body surface) tend to increase the value of the heat transfer 
coefficient. 
( 7) The average heat transfer over a segment near the nose of 
the body is decreased almost to zero when a spike having a length 
to nose diameter ratio of l. 07 is fitted at the stagnation point. 
The results of this experiment indicate that it would be valuable 
to do the following: 
(i) 
(ii) 
Repeat the experiment at much higher values of T . 
0 
Obtain local values of heat transfer with injection, 
particularly at angle of attack. 
(iii) Measure surface shear with injection. 
(iv) Determine the role played in the cooling process by 
the different gas properties. 
(v) Determine velocity, temperature, and concentration 
profiles near the model surface with different methods of injection. 
(vi) Determine local values of heat transfer with spikes 
and the change in this heat transfer with transition prior to reattachment 
of the separated region. 
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APPENDIX A 
THE MEASUREMENT OF HEAT TRANSFER 
BY THE TRANSIENT TECHNIQUE 
The transient technique as applied in wind tunnel testing (see 
Reference 34 for a discussion of the transient technique as applied in 
the shock tube) consists of measuring the local heat transfer rate 
indirectly by measuring the time rate of change of temperature at 
selected points on a body when the body is suddenly exposed to a heated 
air flow. The local heat transfer rate is then determined by balancing 
the rate at which heat enters a unit volume of the skin with the rate at 
which it is stored and leaves the volume. The general heat conduction 
equation in a homogeneous material is given by 
(A-1) 
In spherical coordinates this equation becomes 
This equation could be simplified if the model could be made in the 
form of a shell which is thin compared to the other dimensions, and 
if the heat loss from the inside surface of the shell could be considered 
to be negligible. Then it would be safe to assume that the first and 
second derivatives of T with respect to Q and cp. as well as the quantity 
aT/at, would all be independent of the radius and that aT/ar = 0 at the 
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inner surface of the shell. Thus by as swning a 2T I ai = 0, integrating 
equation A-2 once with respect to r, and using the boundary conditions 
aT/ar = 0 at the inner surface of the shell, one would obtain 
(A-3) 
Now, what restrictions do these assumptions impose upon the 
model construction? If the skin were thin enough, the independence of 
the above-named derivatives with respect to the radius would be assured 
even if the skin were a poor thermal conductor; it would certainly be 
true if the skin were thin and made of metal. The asswnption of zero 
heat leakage from the inside surface requires more careful examination. 
For structural reasons, it might be desirable to back up the thin skin 
with a layer of reinforcing material. The magnitude of the heat leakage 
to the reinforcing material must be estimated. An approximate method 
for making this estimate is given in Reference 35 for the case of 
variable heat input. An exact solution of the heat conduction equation 
for the case of a constant heat input to a slab is given here. 
Consider the following one-dimensional heat transfer problem. 
Given a thin metal skin mounted on a low-conductivity backing material, 
with a constant heat input step function at the surface of the skin at 
time zero. If the skin is thin and a good conductor compared to the 
backing, the latter may be considered to be semi-infinite. The question 
arises as to how much heat leaks out of the metal skin through the 
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interface . ln som · e glven tim . 
(see sketch) e lnterval, as m • easured b 
y the ratio Q/q 
T 
X 
Equations: 
ru lal Condit' 1ons: I 't' 
Bounda 1 1ons: ry Cond't' 
T, {x,o) = 0 
Tz. (x,o) = 0 
Thi n Metal Skin 
Insul t a or Back' 1ng 
(A-4) 
(A-5) 
(A-6) 
X --oo 
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By applying the Laplace transform to equations A-4 with zero initial 
conditions, and applying the transformed boundary conditions, the 
solution of the transformed equation is: 
,....., 
~ (x,s) 
-~X 
e ~IG, 
_[E (zb-x) 
(3 e ~IG, 
-2. ~ b 
I+ ~ e ~IG1 
O<x<b (A-7) 
where 
Hence 
~ 
aT, (x,s) 
ox 
,...., 
k,s~ 
JIG, 
co 
T(x,s) = [ {T(x,t)} = J T(x,t)e-st dt 
0 
~ 
k,s 
- li_"' X 
e ~IG, 
-2~ b I+~ e ~IG, 
_ G:::' (2b-x) 
(3 e ~ 
-2 ~b 
1 + ~ e ~K:, 
(2.nb-x)/5' (X+2.hb)]S' 
(A-8) 
oT, (x,s) 
dx 
_i.. 
k, 
~ (-/fs{' e If", - ~ (-l)"'s~T)e J~,' L L (A-9) 
Then inverting, evaluating the expression at x = b, and using the 
definition that Q = k, a-,; (b,t) : 
dX 
Q=- (A- 1 ~n e.r-fc j_b (2.n + 1) J \A+ I) Lz_ ~K;,t I 
, .... 0 
Hence 
2. 
I+A 
where 
n:o 
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(A-I ~n er-fc li'(2n+t)J 
\.>-.+I} l_2. ~K,t'J 
For completeness, equation A-7 may also be inverted to obtain the 
(A-10) 
expression for the temperature distribution in the metal skin. The result 
is 
~<-•lY~JW (2nh-x)2. e 4-l'(;.,t (z.nb-x) ufc tznb-x~ } J1', 2. ~ 16,-t' 
where 
k, 
"=-
k, ~1 c, 1-A 
tt:.,=-
kl fl. Cz_ ~= I+)-. ~,c, 
Equation A-10 is evaluated for two cases: steel of thickness 
. 030 11 with a laminated plastic backing, and steel of thickness • 030" 
with a balsa wood backing. At the end of five seconds, O/q = 0. 35, 
(to 5 terms). that is, 35 per cent of the heat that has entered the skin 
surface has leaked through into the plastic reinforcing material. The 
value of Q/q for balsa wood backing is 7. 6 per cent. Thus the heat 
leakage effect is appreciable even for these materials. The effect 
must either be made negligible or be accounted for in the heat balance. 
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For a small wind tunnel model, where there are no particular structural 
problems, the simplest thing to do is to make the model a thin hollow 
mell. With air as material (2) the heat leakage is 0. 40 per cent after 
five seconds, and the assumption 8T/ar = 0 at the inner surface which 
was used in simplifying equation A-2 to A-3 is a good one. 
Some further conclusions regarding the model design are apparent 
from examination of Equation A-3. The first term on the right is the 
local net heat storage, while the second term represents the local net 
heat conduction along the model shell. (Corrections should be made for 
radiation if necessary. No radiation correction was made in the heat 
transfer data of this experiment, since the model and the wind tunnel 
walls were both initially near room temperature and the radiation 
effect during the first few seconds was judged to be small.) Th~ value 
of 8T/8t for a particular point on the model is determined by measuring 
the temperature rise at that point as a function of time (after the hot 
air flow has started) and finding the slope of the resulting curve for 
some particular time. For this same instant of time, the model 
temperatures are plotted versus Q and ajag (sing ~ ) is found by 
taking slopes of the £aired curves. The double graphical differentiation 
is difficult to do with accuracy, so it is desirable to keep the coefficient 
in the second term small, that is, make the model shell of low con-
ductivity material and use as large a sphere radius as possible. Of 
course the shell dimensions should be accurately known and, for sim-
plicity, the thickness should be constant. The decision as to the most 
desirable shell thickness is not as clear-cut. (See also Reference 15.) 
For a fixed material and sphere radius, the thinner the shell the 
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smaller is the ratio of the conduction correction to the storage term. 
But there is a time constant which also must be kept in mind. The 
magnitude of the storage term is approaching zero as time progresses, 
while the magnitude of the conduction term is approaching some maxi-
mum with time. Thus if the model shell is extremely thin, the conduction 
term will be some satisfactorily small percentage of the storage term 
only for times that may be so small as to prohibit recording the data 
with the available instrumentation. If the model shell is very thick, 
the instrumentation time scale is expanded but now the correction term 
is large for all times. Therefore there must be an optimum skin 
thickness for a given material, sphere radius, and instrument response 
time. 
The whole problem of the conduction correction can be avoided 
in certain cases. Usually the initial wall temperature before the air 
flow starts is constant over the entire model. Thus if the quantity 
aT/ at could be measured at exactly time zero the conduction correction 
would be zero. Since this slope is difficult to determine because of 
the response of the instrumentation, the slope may be read at several 
different time intervals and plotted against time. The resulting curve 
of raw data measured in the presence of conduction should intersect 
the ordinate at time zero at the same point that the true curve (i. e., 
no conduction in the model) would intersect. Thus a true aT/at with 
zero conduction correction may be inferred. This method is applicable 
only if the slope-time curve is well behaved so that it may be extrapolated 
with certainty. Since the stagnation temperature in this experiment 
had not reached a constant value until aln::ost two seconds after the flow 
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had started, such an extrapolation was deemed too uncertain and was 
not used. 
The temperature gradients on the conical afterbody would be 
expected to be small, hence that portion of the model poses no particular 
problems. The equation for the afterbody is 
(A-12) 
where b is the skin thickness and S is the distance along the surface 
0 
from the tip of an imaginary 10° half angle cone. 
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APPENDIX.B 
EFFECT OF A THERMOCOUPLE WIRE 
ON TRANSIENT MEASUREMENTS* 
Consider a thin sheet (1) to which is attached a small thermo-
couple wire (2). There is a constant heat input step function applied 
to the upper surface at time zero. The problem is to determine the 
effect of the heat conduction along the wire on the quantities T and aT/at. 
The region (3) is considered separately since this simplifies the writing 
of the boundary conditions for the other two regions. 
r r q = constant 
T 
X 
* The help of Dr. T. Kubota in the formulation and solution of 
this problem is gratefully acknowledged. 
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Assume: 
(i) T(R = a, t) = T (x = 0, t), that is, region (3) has an infinite 
conductivity but a finite heat capacity, so that the heat storage term 
for this region will be included. 
(ii) There are no temperature gradients through sheet ( 1) 
normal to the surface. 
(iii) There is no heat loss from the underside of the sheet 
nor from the surface of the wire. 
For simplicity, also assume that p 1 c 1 = p3 c 3 . The heat 
equation in polar coordinates for region (1) is: 
oc dT, = l + ___L~ (r (}T.) 
\' I ot b r dr 0 r 
The initial and boundary conditions are: 
T 1 (r, 0) = 0 
T 1 (r ~ oo, t) = finite 
T 1 (a, t) = F(t) 
(B-1) 
(B-2) 
where F(t) is to be determined later from the heat balance for region (3). 
For region (2): 
"""G k ~2·2 
0 C _o_a - z. o 1~ ~..z z dX - dx 2 (B-3) 
with initial and boundary conditions: 
T 2 (x, 0) = 0 
T 2 (x--- oo, t) = finite (B-4) 
T 2 ( 0, t) = F(t) 
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where F(t) is the same function as appeared in Equation B-2. Writing 
the heat balance for region (3) and letting T 3 = F(t): 
C'JT.(a~t) 
or 
dT2 (o~t) 
ox 
Applying the Laplace transform to Equation B-1, 
where 
,.._ 
Sl'" I 
_,, 
K;' 
GO 
""' r f } J -st T,(~s)- cJv LT,(r,t) =- T;(Y1 t)e dt 
0 
K = ~ 
I riel 
The solution of this equation, satisfying the boundary conditions is 
F(sl - 'fl e,c,bs' I< ( ~) Ko { Cl jf. ) o ~ ~' + 
where 
Fcs) - oC { F(t)} 
(B-5) 
(B-6) 
(B-7) 
and is the modified Bessel function of 2nd kind 
of order zero. Applying the Laplace transform to Equation B-3: 
(B-8) 
where 
kz.. K.z.= p2. c2.. 
The solution of this equation is 
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Applying the Laplace transform to Equation B-5, 
s F(s) = i + 2. k, 
~3c3bs ~3 c3 a 
oTz. (o, s) 
dX 
(B -9) 
(B-1 0) 
Thus F(s) is determined by forming ol\/or from Equation B-7 and 
8T
2
/ax from Equation B-9 and evaluating at the appropriate r and x. 
Substituting and simplifying: 
I+ 2. k;, ~ 
as ~R, 
K, (a [f,) 
(B-11) 
where K ( a.~) is the modified Bessel function of 2nd kind of I ~ IG, 
order one. 
This expression represents the transform of T 1 (a, t) and 
Equation B-11 will now be inverted by using approximations 
for the Bessel functions Ko (a.[,) and 
For (a J ~11 ) small, i. e., 
Ko ( a~,J . 
K, (a~,) 
K, (a[,} 
aJ s' << 1. tG, 
(B-12) 
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Substituting these expressions in Equation B-11 would yield a 
solution for 11 small" s, that is, for "large'' time. Taking material ( l) 
to be pure iron, and the wire radius to be . 005 11 , then at t = l second, 
(a~) ; . 03 and its value at 10 seconds is . 01. Evaluating the 
complete series expansions for K
0 
and K 1 (see page 3 75 of Reference 16) 
for this material and wire radius and for the largest 11 small 11 s of 
s = l ~ t = 1 second, the error involved in the approximation B-12 
of discarding all but the first term in the expansions is about 3 per cent 
for K
0 
and 0. 2 per cent for K 1• Thus the 
11 long 11 time approximation 
is considered valid for t ;;- l second and is of primary concern for a 
transient experiment in a wind tunnel. 
Substituting the asymptotic expressions for K
0 
and K 1 into 
Equation B-11 would yield a solution for ''large'' s or 11 small" time. But 
this procedure would yield solutions valid for time considerably less than 
one second, and this approximation is not of interest here. 
Now substituting Equations B-12 into Equation B-11, simplifying, 
and factoring the denominator: 
- 2. 1-G, s (B-13) 
In the denominator there is (s log s) and ( ~ log s). For small 
s, s and [S' ~ 0 faster than log s--..;- oo, hence the square bracket 
in the denominator of Equation B-13 is [1 - t.J and may be expanded by 
the binomial theorem. Then 
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This transform may be inverted by using tables of inverse transforms36• 
Then F(t) is 
which is in the form 
where 
8T3 is what would be expected without the wire, i.e., p3 c 3 b at = q • 
Thus evaluation of the square bracket in Equation B-15 for the 
particular materials and dimensions in question will give the error 
involved in measuring the temperature of the sheet caused by the 
presence of the thermocouple wire. 
To illustrate, for materials (1) and (3) pure iron and material 
(2) constantan, with b = . 020 11 and a= . 005 11 , 
F(t) =(canst) [1- 7.14 x 1o- 3J fort= 1 second 
= (canst) [ 1 - 2. 88 x 10-3] for t = 10 seconds 
Thus the error in the temperature measurement which is 
introduced by the wire is less than 1 per cent. 
The next question to be investigated is the error in the measure-
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ment of 8T/8t which i s introduced by the wire. From Equation B-14: 
(B-16) 
Now 
Hence inverting by using tables: 
(B-1 7) 
Again, the expression in the absence of the wire would be simply 
8T3 ~- q/(p3 c 3 b). Thus evaluation of the square bracket in Equation 
B-1 7 is a measure of the error which is introduced by the wire. 
For example, for the case illustrated following equation B-15 
the slope error is about 0. 6 per cent for t = 1 second, and about 
0. 2 per cent for t = 10 seconds. 
Two other cases are considered, with the same materials: 
(i) wire diameter the same as the skin thickness (a= • 005", b = . 010"); 
(ii) wire diameter twice the skin thickness (a= b = • 010"). The 
approximations involved in the "large" time solution are still acceptable 
(less than 3 per cent error) and equations B-15 and B-1 7 are evaluated 
as before. The error in the temperature reading and in the value of 
8T/8t is about 1. 5 per cent, at t = 1 second, for the first case and about 
4 per cent for the second case. 
These results were unexpected. It was thought that when the 
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wire and the skin were of comparable dimensions, the error introduced 
by the presence of the wire would be very large. Some insight into the 
physical reason for this small error is obtained by solving for the heat 
flux per unit area along the wire. 
The heat flux along the wire is given by 
(B-18) 
X=O 
Now from Equation B-9. 
(B-19) 
Then evaluating Equation B-19 at x::: 0 and then substituting the 
"large" time expression for F(s) from Equation B-14, 
Inverting from tables, and using the definition of Q from 
w 
Equation (B-18): 
(B-21) 
Evaluating for the same materials, and for b = . 020", a= • 005 11 , 
Q /q = 5. 9 for t = 1 s econd 
w 
= 18 for t = 10 seconds. 
Thus the heat flow per unit area along the wire is large compared to 
the heat flow per unit area into the slab. But this heat lost down the 
wire is replaced almost completely by heat flowing in from the radial 
direction through the sheet. The net effect of the wire is then small 
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compared to the overall level of the temperature. An analogy may be 
made, as suggested by L. Lees, by considering water flowing into a 
large tank at a constant rate, the level of the water corresponding to 
the temperature of the sheet. If a small hole is made in the bottom of 
the tank, some water will flow through it and be lost, but water will 
move from the rest of the tank to make up this local deficit, and the 
net effect on the water level in the tank is small. 
To illustrate the fact that heat flows along the sheet to make up 
the local temperature deficit, consider the case where b = • 020" and 
a= . 005" but now material (1) is plate glass, which has a thermal 
conductivity about 1 per cent that of pure iron. The error involved in 
making the "large" time approximation B-12 is now about 10 per cent 
for K
0 
and 5 per cent for K 1 at t = 1 second, and 5 per cent and 1. 4 per 
cent, respectively, for t = 5 seconds. 
By evaluating Equations B-15 and B-1 7 at 5 seconds, the error 
is found to be 18 per cent in the temperature measurement and 12 per 
cent in 8T /at. 
The flow analogy here would correspond to the tank being filled 
with sand. The sand cannot flow toward the hole quickly enough to make 
up the local deficit, and the level of the sand near the hole is substantially 
lowered. 
In order to keep the thermocouple conduction error small, it 
is therefore necessary that the skin be made of material with a com-
paratively high thermal conductivity. To keep the error less than l per 
cent at 5 seconds while using a glass skin would require a wire diameter 
of about. 001". 
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APPENDIX C 
TRANSIENT HEAT TRANSFER WITH FLAT PLATE MODEL* 
The investigation discussed in this report was originally 
planned as a study of pressures, temperatures, and heat transfer rates 
on a flat plate with injection into a laminar boundary layer. However, 
no satisfactory zero-injection values of heat transfer could be obtained 
for use as a basis of comparison for the efficiency of the injection. The 
local heat transfer coefficients at ! = 6" (Re ~ = 1. 6 x 1 o6 ) with no 
injection were about the correct laminar value, but aft of this region 
the coefficient increased rapidly as if a transition region existed there. 
But the results of Reference 37 showed laminar boundary layers to 
exist at much higher Reynolds numbers than were involved here, and 
steady- state velocity profiles measured at various stations on the heat 
transfer portion of the plate substantiated the fact that the boundary 
layer was laminar at least until ' = 15". These results were in 
agreement with the fact that the measured steady- state recovery factors 
were typically laminar. 
To investigate this phenomenon, some exploratory hot-wire 
surveys were made by Mr. A. Demetriades. Mass flow profiles were 
taken across the boundary layer on the centerline at a fixed value of ~ 
during the first few minutes after flow was established. These 
measurements showed a qualitative change in the profile as a function 
* See Reference 38 for more details on this section. 
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of time, with the biggest change occurring at a value of n/o of about 0. 3, 
where o is the steady-state boundary layer thickness at a particular 
value of ~. The probe was then fixed at this value of n/o at different 
{ stations along the centerline, and the root-mean- square output of 
the hot-wire was read as a function of time. The hot-wire signal 
indicated that the boundary layer was initially turbulent or transitional 
and then, as time progressed, the boundary layer became less turbulent, 
eventually reaching some steady- state laminar configuration_. 
On the premise that perhaps this effect was caused by the surface 
roughness of the porous section the same hot-wire measurements 
were carried out on a smooth flat plate. The results in regard to the 
presence of transition and the temperature dependence were the same, 
although the duration of the phenomenon was shorter than for the film-
cooling plate for the same wind tunnel conditions. 
An explanation of this curious transition effect has not yet been 
found. It is possible that this effect is related to "transverse contamination" 
from the turbulent boundary layers on the tunnel side-walls. The presence 
of this effect, and the fact that it was not repeatable, made it impossible 
to obtain reliable zero-injection heat transfer results. So the decision 
was made to retain the same instrumentation and techniques but to 
perform the injection experiment on a body of revolution where this 
phenomenon would not occur. No such transition effect was observed 
on the blunt-nosed cone model utilized in this investigation. 
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TABLE I 
Notation Description 
(See Figures 5 and 6) 
HM Basic hemisphere-cone model 
CA Defle ctor Cap A (h = .013") 
CB Deflector Cap B (h = .088") 
cc Deflector Cap C (h = . 167") 
S I Spike I (L/ D = . 536) 
SII Spike II (L/D = 1. 07) 
S III Spike III (L/D = l. 78) 
S IV Spike IV 0 ( 20 half angle cone} 
Sample Configuration Description 
HM + CA + S I Spike I attached to Cap A and both mounted 
on front of basic model 
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TABLE II 
COOLANT GAS PROPERTIES 
Property Nitrogen Helium Units 
Density (32°F, 1 atm. ) . 07807 .01114 lb. /ft. 3 
Specific Heat at Constant 
0 0.256 1. 25 BTU. /lb. Pressure ( - 310 F) 
Ratio of Specific Heats 1. 40 1. 66 
--
Thermal Conductivity 
BTU/hr. ft. 2 °F/ft. (32°F) . 0127 . 082 
Viscosity (50°F) 1.15xl0 -7 1.32xl0 -7 slug/ft. sec. 
Molecular Weight 28 4 slug/mole 
Gas Constant 1, 780 12, 460 2; 2 0 ft. sec. F 
Velocity of Sound 
(90°F) 1, 169 3, 370 ft./ sec. 
Station 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
S (inches) 
0 
0.07 
o. 14 
o. 21 
0.34 
0.42 
0.42 
0.63 
0.84 
o. 91 
o. 98 
1. 05 
1. 12 
1. 26 
1. 54 
1. 82 
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FIG. 1 
I 
:) 
R= 0.70" 
S/R 
0 
o. 10 
o. 20 
o. 30 
o. 48 
o. 60 
0.60 
0.90 
1. 20 
1 . 30 
1. 40 
1. 50 
1. 60 
1. 80 
2.20 
2.60 
1.631"_j 
Q (degrees) 
0 
6 
11 
17 
28 
34 
34 
52 
69 
74 
80 
PRESSURE DISTRIBUTION MODEL 
0 .875" 
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I t.. •13 •12 0.875 
6 
• 
1 
14 •7 5 
•II 
• I 15 17 7f • . 1.+·2 •18 • . 3 4 8 10 • 
16 • 
9• 
1.631" 
Station S (inches) S/R Q (degrees) 
1 o. 07 o. 10 6 
2 o. 10 o. 14 8 
3 o. 15 o. 21 12 
4 o. 18 o. 26 15 
5 o. 31 0.44 25 
6 0.43 o. 61 35 
7 o. 55 o. 79 45 
8 o. 73 1. 04 60 
9 0.86 1. 23 70 
10 0.98 1. 40 80 
11 1. 03 1. 47 
12 1. 08 1. 54 
13 1. 18 1. 69 
14 1. 38 1. 97 
15 1. 58 2..2.6 
16 0. 4 3 o. 61 35 (0. 01 0" D wire) 
17 0. 4 3 o. 61 35 (0. 021" Dwire) 
18 0. 43 o. 61 35 (0. 032" D wire) 
FIG. 2 
HEAT TRANSFER MODEL 
L \~-
"
 
-
-
·
 
0.
 0
20
" 
I RO~N
~S~H
~E:L
:Le;
Z~b<
;¢,z
:;z:
Z':~
~~~ 
TH
ER
M
O
CO
UP
LE
 
P
LA
ST
IC
 P
LE
N
U
M
 
CH
AM
BE
R 
TH
ER
M
O
CO
UP
LE
 
BI
ND
IN
G
 P
O
ST
S 
) 
P
LA
S
TI
C
 
B
A
SE
 
B
A
K
E
LI
TE
 
ST
IN
G
 
ST
AI
N
LE
SS
 S
TE
EL
 
IN
JE
C
TI
O
N
 T
U
B
E
 
JO
IN
TS
 S
EA
LE
D
 
W
IT
H 
CE
M
EN
T 
S
C
A
LE
: 
2.
5 
x
 F
U
LL
 
FI
G
. 
3
-
C
R
O
SS
 
SE
C
TI
O
N
 
OF
 
H
E
A
T 
TR
A
N
S
FE
R
 
M
O
D
EL
 
!)
) 
t]1
 
86 
FIG. 4 
HEAT TRANSFER MODEL INSTALLED IN LEG 1 TEST SECTION 
FIG. 5 
PRESSURE MODEL SHOWING SPIKES AND DEFLECTOR CAPS 
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STAND-OFFS 
1/32" SQUARE 
CAP A 
CAP 8 
CAP C 
--1 ~0.040 " 
DEFLECTOR CAPS 
~ _L·'o" SPIKE I 1:=1- ~ ~--1 
.. IT L 
20° _L 
- ~--0.240" ~ 
-r 
SPIKE :nz: 
SPIKES 
SPIKE I, CAP 8, MOUNTED ON 
NOSE OF PRESSURE MODEL 
SPIKE li 
SPIKE lli 
FIG. 6- DEFLECTOR CAPS AND SPIKES 
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FIG. 10- INSTRUMENTATION WIRING DIAGRAM 
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FIG. 11 
STEPPING SWITCH 
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,. .. -·--- ··-·----- - --
' T I ME ---;,..~ · -t-
! 
FIG. 12(a) 
OSCILLOSCOPE TRACE -- SINGLE SWEEP 
FIG. 12(b) 
OSCILLOSCOPE TRACE -- MULTIPLE SWEEP 
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FIG. 12(c) 
NOISE LEVEL OF MEASURING CIRCUIT 
-
I 
FIG. 12(d) 
NOISE CAUSED BY SWITCHING 
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FIG. 14 
SCHLIEREN PHOTOGRAPH OF MODEL HM 
r=o 
FIG. 15 
SCHLIEREN PHOTOGRAPH OF MODEL HM 
NITROGEN INJECTION; r = . 0019 
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FIG. 16 
SCHLIEREN PHOTOGRAPH OF MODEL HM 
NITROGEN INJECTION; r = . 019 
FIG. 17 
SCHLIEREN PHOTOGRAPH OF MODEL HM 
HELIUM INJECTION; r = . 0010 
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FIG. 18 
SCHLIEREN PHOTOGRAPH OF MODEL HM 
HELIUM INJECTION; r = • 0064 
FIG. 19 
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA 
NITROGEN INJECTION; r = . 013 
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FIG. 20 
SCHLIEREN PHOTOGRAPH OF MODEL HM + CC 
NITROGEN INJECTIONJ r = . 013 
FIG. 21 
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA + S I 
f = 0; L / D = 0. 54 
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FIG. 22 
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA + S II 
f = 0; L/ D = 1. 0 7 
FIG. 23 
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA + S III 
f = 0; L/D = l. 78 
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FIG. 24 
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA + S IV 
r = o 
FIG. 25 
SCHLIEREN PHOTOGRAPH OF MODEL HM 
r = o; a= s0 
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FIG. 26 
SCHLIEREN PHOTOGRAPH OF MODEL HM 
HELIUM INJECTION; f = . 0064; n = 4° 
FIG. 27 
SCHLIEREN PHOTOGRAPH OF MODEL HM 
HELIUM INJECTION; r = . 0064; n = 8° 
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FIG. 28 
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA + S I 
f = 0; a. = 8 °; L/ D = 0. 54 
FIG. 29 
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA + S II 
f = 0; a. = 8 °; L/ D = 1. 0 7 
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Fl G.33-SURFACE PRESSURE DISTRIBUTION ON MODEL HM 
WITH VARIOUS DEFLECTOR CAPS. NO INJECTION . 
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FIG.34-SURFACE PRESSURE DISTRIBUTION ON MODEL 
H M + CA WITH VARIOUS RATES OF Nl TROGEN 
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Attention: Mr. G. S. Trimble, Jr. 
Grumman Aircraft Engineering Corp. 
Bethpage, New York 
Attention: Mr. C. Tilgner, Jr. 
Hughes Aircraft Company 
Culver City, California 
Attention: Dr, A. E. Puckett 
Lockheed Aircraft Corp. 
Missiles Division 
Van Nuys, California 
Attention: Library 
Lockheed Missiles Systems Division 
Research and Development Laboratory 
Sunnyv.ale, California 
Attention: Dr. W. Griffith 
Lockheed Missiles Systems Division 
P. 0. Box 504 
Sunnyvale, California 
Attention: Dr. L. H. Wilson 
Lockheed Missiles Systems Division 
Lockheed Aircraft Corp. 
Palo Alto, California 
Attention: Mr. R. Smelt 
Lockheed Missiles Systems Division 
Lockheed Aircraft Corp. 
Palo Alto, California 
Attention: Mr. Maurice Tucker 
Marquhardt Aircraft Company 
P. 0. Box 2013 - South Annex 
Van Nuys, California 
Attention: Mr. E. T. Pitkin 
McDonnell Aircraft Corp. 
Lambert-St. Louis Municipal Airport 
P. 0. Box 516 
St. Louis 3, Missouri 
Attention: Mr. K. Perkins 
North American Aviation, Inc. 
Aeronautical Laboratory 
Downey, California 
Attention: Dr. E. R. Van Driest 
Northrop Aircraft, Inc. 
1001 East Broadway 
Hawthorne, California 
Attention: Mr. E. Schmued 
Ramo-Wooldridge Corporation 
409 East Manchester Blvd. 
Inglewood, California 
Attention: Dr. M. U. Clauser 
Ramo-Wooldridge Corporation 
409 East Manchester Blvd. 
Inglewood, California 
Attention: Dr. Louis G. Dunn 
The RAND Corporation 
1 700 Main Street 
Santa Monica, California 
Attention: Librarian 
The RAND Corporation 
1700 Main Street 
Santa Monica, California 
Attention: Dr. C. Gazley 
The RAND Corporation 
1700 Main Street 
Santa Monica, California 
Attention: Mr. E. P. Williams 
Republic Aviation Corporation 
Conklin Street 
Farmingdale, L. I. , New York 
Attention: Dr. W. J. O'Donnell 
United Aircraft Corporation 
East Hartfort, Connecticut 
Attention: Mr. J, G. Lee 
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Internal Foreign 
Dr. Harry Ashkenas via AGARD Distribution Centers 
Dr. Frank E. Goddard 
Dr. James M. Kendall 
Dr. John Laufer 
Dr. Thomas Vrebalovich 
Dr. Peter P. Wegener 
Hypersonic WT; Attn: Mr. G. Goranson 
Reports Group 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena 2, California 
Dr. W. D. Rannie 
Goddard Professor 
Jet Propulsion Center 
California Institute of Technology 
Dr. Julian D. Cole 
Dr. Donald E. Coles 
Dr. P. A. Lager strom 
Prof. Lester Lees 
Dr. H. W. Liepmann 
Dr. Clark B. Millikan 
Dr. Ana tol Ro shko 
Dr. William W. Willmarth 
Aeronautics Library 
Hypersonic Staff and Research Workers (20) 
Hypersonic Files (3) 
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